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"Man's conquest of Nature turns out, in 
the moment of its consummation, to be 
Nature's conquest of Man." 
~ C.S. Lewis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PROBLEM DEFINITION: VIBRIO HARVEYI AND CLOSELY RELATED 
BACTERIA, IMPORTANT PATHOGENS IN AQUACULTURE 
 
INTRODUCTION 
Aquaculture comprises all forms of culture of aquatic animals and plants in fresh, 
brackish and marine environments (Pillay and Kutty, 2005). According to FAO 
statistics, aquaculture is one of the fastest-growing food producing industries. 
Worldwide, the sector has increased at an average rate of 8.9% per year since 1970. 
As a comparison, capture fisheries and terrestrial farmed meat production increased 
at a rate of 1.2% and 2.8%, respectively, in the same time frame (FAO, 2004). In 
2002, the total aquaculture production was estimated to be 51.4 million tonnes by 
fresh weight and US$ 60 billion by value (Table 1.1). 
 
TABLE 1.1. Major groups of cultured species in 2002, in quantity and value (from FAO (2004)). 
Species group Quantity 
(x 1 000 tonnes) 
Value 
(x US$ 1 000 000) 
Freshwater fish 21 938 21 343  
Molluscs 11 784 10 512  
Aquatic plants 11 587 6 189  
Diadromous fish 2 590 6 465  
Crustaceans 2 131 10 839  
Marine fish 1 201 4 144  
Others 155 496  
Total 51 386  59 988  
 
FAO reports consider disease outbreaks as a significant constraint to the 
development of the aquaculture sector, with a global estimate (made by the world 
Bank in 1997) of disease losses in  the range of US$ 3 billion per year (Subasinghe, 
2001).  
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DISEASE CAUSED BY VIBRIO HARVEYI AND CLOSELY RELATED BACTERIA 
This work will focus on Vibrio harveyi and closely related bacteria such as Vibrio 
campbellii and Vibrio parahaemolyticus. These bacteria belong to the Gamma-
proteobacteria and are Gram-negative, usually motile rods (Thompson et al., 2004). 
Vibrio disease is described as vibriosis or bacterial disease, penaeid bacterial 
septicaemia, penaeid vibriosis, luminescent vibriosis or red-leg disease (Aguirre-
Guzmán et al., 2004). Signs of disease include lethargy, tissue and appendage 
necrosis, slow growth, slow metamorphosis, body malformation, bolitas negricans, 
bioluminescence (Figure 1.1), muscle opacity and melanisation (Aguirre-Guzmán et 
al., 2004). With the rapid developments in aquaculture, particularly in Asia and South 
America, Vibrio harveyi and related bacteria have become recognised as a serious 
cause of disease (Austin and Zhang, 2006).   
 
 
FIGURE 1.1. Luminescent vibriosis in penaeid shrimp as manifested by parts of the animals glowing in 
the dark (from Lightner (1996)). 
 
In many cases, vibrios are opportunists, only causing disease when the host 
organism is immune-suppressed or otherwise physiologically stressed (Peddie and 
Wardle, 2005). Although almost all types of cultured animals can be affected by 
these bacteria (Table 1.2), the most serious problems have been reported in penaeid 
shrimp culturing, and luminescent vibriosis has become a major constraint on shrimp 
production in South America and Asia (Austin and Zhang, 2006).  
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The losses due to luminescent vibriosis in Indonesian hatcheries in 1991, for 
instance, have been reported to be as high as US$ 100 million 
(APEC/FAO/NACA/SEMARNAP, 2000). Almost all reports of bacterial infections of 
shrimp appear to be caused by opportunistic bacteria rather than specialised 
pathogens, with the frequency of infection often being attributable to intensive culture 
and adverse environmental conditions (Alderman and Hastings, 1998). 
It is well-known that there are significant differences between different Vibrio harveyi 
isolates in terms of pathogenicity, with some strains being highly virulent and others 
being non-pathogenic (Austin and Zhang, 2006). Despite its role as a serious 
pathogen of cultured marine animals, the pathogenicity mechanisms of Vibrio harveyi 
yet have to be fully elucidated (Austin and Zhang, 2006), although several different 
virulence factors have been identified (Table 1.3).  
 
TABLE 1.3. Virulence factors associated with Vibrio harveyi pathogenicity. 
Virulence factor Reference(s) 
Bacteriocin-like substance Prasad et al. (2005) 
Bacteriophage increasing haemolytic activity Austin et al. (2003), Munro et al. (2003) 
Chitinases Svitil et al. (1997) 
Cysteine protease Liu and Lee (1999) 
Haemolysin Zhang et al. (2001) 
Lipase Teo et al. (2003b) 
Low molecular weight lipopolysaccharide Montero and Austin (1999) 
Luciferase (protection against oxidative stress) Szpilewska et al. (2003) 
Metalloprotease Teo et al. (2003a) 
Proteases, phospholipases and siderophores Soto-Rodriguez et al. (2003a) 
Proteinaceous exotoxins Harris and Owens (1999) 
Siderophores Owens et al. (1996) 
 
 
ANTIBIOTICS: THE WRONG SOLUTION 
Traditionally, antibiotics have been used in attempts to control bacterial disease in 
aquaculture. For example, Holmström et al. (2003) reported that of the 76 shrimp 
farmers they interviewed in Thailand, 74% used antibiotics. Most of those farmers 
used the antibiotics prophilactically, some on a daily basis. More than 10 different 
antibiotics were used, amongst which chloramphenicol, gentamycin, trimethoprim, 
tiamulin, tetracyclines, quinolones and sulphonamides. Moriarty (1999) estimated the 
usage of antibiotics in shrimp farm production in Thailand to be as much as 500-600 
tonnes in 1994. In the Philippines, oxytetracycline, oxolinic acid, chloramphenicol, 
furazolidine, nitrofurans, erythromycin and sulfa drugs are commonly used to treat 
bacterial diseases (Tendencia and de la Peña, 2001). Chemotherapy is also widely 
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practiced in South America. In Mexico, the most commonly used antibiotics in shrimp 
farms are oxytetracycline, florfenicol, ormethoprim-sulphamethoxazole and more 
recently sarafloxazin and enrofloxazin (Roque et al., 2001). 
A wide use of antibiotics (even when pathogens are not evident) and especially the 
application of subtherapeutic doses inevitably results in the development of antibiotic 
resistant bacteria. When antibiotics are used, resistant strains can multiply rapidly 
because their (sensitive) competitors are removed. Moreover, horizontal exchange of 
resistance determinants can occur between resistant bacteria and virulent pathogens 
that re-enter the culture facilities after the treatment. Thus, antibiotic-resistant strains 
of pathogenic Vibrio harveyi can evolve rapidly (Moriarty, 1999). In view of the 
indiscriminate use of antibiotics in aquaculture, it cannot be surprising that many 
reports have mentioned (multiple) resistance of Vibrio harveyi strains to several 
antibiotics (Table 1.4). From all this, it might be clear that the efficacy of antibiotics to 
treat luminescent vibriosis is now, in general, very poor (Moriarty, 1999). 
Karunasagar et al. (1994), for instance, reported mass mortality in Penaeus 
monodon larvae caused by Vibrio harveyi strains with multiple resistance to 
cotrimoxazole, chloramphenicol, erythromycin and streptomycin. Of these antibiotics, 
the first two had been regularly used as prophylactics.  
 
TABLE 1.4. Multiple antibiotic resistance in Vibrio harveyi and closely related bacteria isolated from 
aquaculture facilities in Asia and South America. 
Location Antibiotic(s) Multiple 
resistance? 
Reference(s) 
India cotrimoxazole, chloramphenicol, 
erythromycin and streptomycin 
yes Karunasagar et al. (1994) 
Java tetracyclin, ampicillin and other β-
lactams 
yes Teo et al. (2000), Teo et 
al. (2002) 
Mexico ampicillin, amikacin, carbenicillin, 
cephalotin and oxytetracycline, 
yes Molina-Aja et al. (2002) 
Philippines oxytetracycline, furazolidone, oxo-
linic acid and chloramphenicol 
yes Tendencia and de la 
Peña (2001) 
Philippines kanamycin, gentamycin, carbe-
nicillin and ampicillin 
yes Nakayama et al. (2006) 
Taiwan nitrofurantoin, novobiocin and 
sulphonamide 
yes Liu et al. (1997) 
Thailand  kanamycin and carbenicillin yes Nakayama et al. (2006) 
 
Apart from being ineffective, the excessive (ab)use of antibiotics also constitutes a 
direct threat to human health. The antibiotic resistance determinants that have 
emerged and/or evolved in the aquaculture environments have been shown to be 
transmitted by horizontal gene transfer to bacteria of the terrestrial environment, 
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including animal and human pathogens (Cabello, 2006). For example, Vibrio 
cholerae of the Latin American epidemic of cholera that started in 1992 appeared to 
have acquired antibiotic resistance as a result of coming into contact with antibiotic-
resistant bacteria selected through the heavy use of antibiotics in the Ecuadorian 
shrimp industry (Angulo, 2000). The presence of residual antibiotics in 
commercialized aquaculture products constitutes another problem with respect to 
human health, as this can lead to an alteration of the normal human gut microbiota 
and can also generate problems of allergy and toxicity (Cabello, 2006). 
In conclusion, it appears that global efforts are needed to promote more judicious use 
of antibiotics in aquaculture and in order to make the industry more sustainable, new 
strategies to control pathogenic bacteria are more than welcome. 
 
 
THESIS OUTLINE 
This work aimed at evaluating two alternatives to antibiotics to control infections 
caused by Vibrio harveyi. 
In the first part of this work, the investigations performed on the disruption of cell-to-
cell communication in Vibrio harveyi in order to control disease are presented. 
- CHAPTER 2 gives an overview of the literature concerning disruption of bacterial 
cell-to-cell communication, focussing on possible applications with respect to 
aquaculture. 
- CHAPTER 3 describes the development of a model test system with gnotobiotic 
Artemia nauplii which is then used to study the effect of disrupting the cell-to-cell 
communication system of Vibrio harveyi (by mutation) and other pathogens on 
virulence towards gnotobiotic Artemia. 
- In CHAPTER 4, the effect of cell-to-cell disrupting brominated furanones on the 
virulence of several different pathogenic Vibrio harveyi, Vibrio campbellii and Vibrio 
parahaemolyticus isolates is investigated. 
- CHAPTER 5 aims at getting a deeper insight in the molecular mechanism by which 
the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 
disrupts quorum sensing in Vibrio harveyi. 
- In CHAPTER 6, the work described in this first part is discussed, conclusions are 
drawn and possibilities for further research are proposed. 
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The second part of this work describes the investigations performed on the 
application of short-chain fatty acids and polyhyrdoxyalkanoates as new biocontrol 
agents for controlling luminescent vibriosis. 
- CHAPTER 7 gives an overview of the literature concerning the use of short-chain 
fatty acids as antibacterial compounds and of polyhydroxyalkanoates, polymers of 
β-hydroxy fatty acids. 
- CHAPTER 8  describes the application of short-chain fatty acids to protect Artemia 
from a pathogenic Vibrio campbellii strain. 
- In CHAPTER 9, poly-β-hydroxybutyrate is presented as a possible new biocontrol 
agent to control luminescent vibriosis. 
- CHAPTER 10 describes the application of poly-ß-hydroxybutyrate-accumulating 
bacteria as a new kind of prebiotic. 
- In CHAPTER 11, the work described in the second part is discussed and possibilities 
for further research and applications are presented. 
The last part (CHAPTER 12) provides a brief discussion of alternatives to antibiotics to 
control luminescent vibriosis that have been described in literature, positioning 
disruption of cell-to-cell communication and the application of short-chain fatty acids 
and polyhydroxyalkanoates within this toolbox of new biocontrol techniques. 
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"All science, even the divine science, is a 
sublime detective story. Only it is not set 
to detect why a man is dead; but the 
darker secret of why he is alive."  
~ G.K. Chesterton  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISRUPTION OF BACTERIAL CELL-TO-CELL COMMUNICATION: A 
NEW STRATEGY TO CONTROL INFECTIONS IN AQUACULTURE 1
 
SUMMARY 
There is an urgent need to develop alternative ways to control infections caused by 
bacterial pathogens in aquaculture. Many of these pathogens are found to control 
virulence factor expression by cell-to-cell communication, called quorum sensing. 
Hence, disruption of bacterial quorum sensing has been proposed as a new anti-
infective strategy and several techniques that could be used to disrupt quorum 
sensing have been investigated. These techniques comprise (1) the inhibition of 
signal molecule biosynthesis, (2) the application of quorum sensing antagonists 
(including natural occurring as well as synthetic halogenated furanones, antagonistic 
quorum sensing molecules and undefined exudates of higher plants and algae), (3) 
the chemical inactivation of quorum sensing signals by oxidised halogen 
antimicrobials, (4) signal molecule biodegradation and (5) the application of quorum 
sensing agonists. The few reports that deal with disruption of quorum sensing of 
aquatic pathogens, together with the results obtained with human and plant 
pathogens, indicate that this new approach has potential in fighting infections in 
aquaculture. However, before this new strategy can be applied in aquaculture, the 
impact of quorum sensing disruption on the virulence of aquatic pathogens and the 
impact of the proposed quorum sensing disrupting techniques on the aquaculture 
system of interest should be studied in more depth. 
 
 
                                            
1 This chapter is an updated version of Defoirdt, T., Boon, N., Bossier, P., and Verstraete, W. (2004). 
Disruption of bacterial quorum sensing: an unexplored strategy to fight infections in aquaculture. 
Aquaculture 240: 69-88. 
CHAPTER 2 
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THE NEW TARGET: BACTERIAL CELL-TO-CELL COMMUNICATION 
Quorum sensing is a mechanism of gene regulation in which bacteria coordinate the 
expression of certain genes in response to the presence or absence of small signal 
molecules. This mechanism was first discovered in the marine bacterium Vibrio 
fischeri (Nealson et al., 1970) and was thought to be restricted to only a limited series 
of species. Later on, similar systems were found to be present in many other Gram-
negative bacteria. These Gram-negative bacteria use acylated homoserine lactones 
(AHLs) as signal molecules (Figure 2.1 A, for reviews see Fuqua et al. (2001), Miller 
and Bassler (2001) and Whitehead et al. (2001)). AHLs of different species differ in 
the acyl side chain, which usually contains between 4 and 14 carbons and which can 
have an oxo or a hydroxyl substitution at the third position (Figure 2.2 A, B and C). 
In addition to the AHL-mediated systems in Gram-negative bacteria, some Gram-
positive bacteria were also found to regulate a variety of processes by quorum 
sensing. The quorum sensing systems of Streptococcus pneumoniae, Bacillus 
subtilis and Staphylococcus aureus, for instance, have been extensively studied (for 
reviews see Dunny and Leonard (1997) and Miller and Bassler (2001)). In contrast to 
the Gram-negative bacteria, these bacteria use secreted peptides as signal 
molecules (Figure 2.1 B). A third major quorum sensing system was recently 
unravelled in the luminescent bacterium Vibrio harveyi (Chen et al., 2002). The Vibrio 
harveyi system has two components: Harveyi Autoinducer 1 (HAI-1) and Autoinducer 
2 (AI-2). Both can activate bioluminescence by a phosphorylation and 
dephosphorylation cascade (Figure 2.1 C, for reviews see Miller and Bassler (2001), 
McNab and Lamont (2003), Xavier and Bassler (2003), Vendeville et al. (2005) and 
De Keersmaecker et al. (2006)). HAI-1 is an AHL and because of its specificity, it is 
probably used for intraspecies communication. AI-2, on the other hand, is a furanosyl 
borate diester (Figure 2.2 D). Because AI-2 activity has been detected in many other 
species (Gram-negative as well as Gram-positive) and because AI-2 biosynthesis is 
closely linked to the methyl cycle, this type of quorum sensing is believed to be used 
for interspecies communication and might be involved in the detection of the growth 
phase and the growth potential of the bacterial community (Xavier and Bassler, 
2003). 
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A C 
 
LuxN 
 
FIGURE 2.1. Three major quorum sensing systems. (A) AHL-mediated quorum sensing. The I protein is 
the AHL synthase enzyme. The AHL molecules diffuse freely through the plasma membrane. As 
population density increases, the AHL concentration increases as well and once a critical 
concentration has been reached, AHL binds to the R protein, a response regulator. The AHL-R protein 
complex activates or inactivates transcription of the target genes. (B) Peptide-mediated quorum 
sensing in Gram-positive bacteria. A peptide signal (PS) precursor protein is cleaved, releasing the 
actual signal molecule. The peptide signal is transported out of the cell by an ATP binding cassette 
(ABC) transporter. Once a critical extracellular peptide signal concentration is reached, a sensor 
kinase (SK) protein is activated to phosphorylate the response regulator (RR). The phosphorylated 
response regulator activates transcription of the target genes. (C) Quorum sensing in Vibrio harveyi 
(as known at the moment of publication of this paper; see Chapters 4, 5 and 6 for a more recent 
picture). In this system, there are 2 types of signal molecules. HAI-1 is an AHL and its biosynthesis is 
catalysed by the luxM enzyme. AI-2 is a furanosyl borate diester; its biosynthesis is catalysed by the 
luxS enzyme. HAI-1 and AI-2 are detected at the cell surface by the LuxN and LuxP-LuxQ receptor 
proteins, respectively. In the absence of the signals, LuxN and LuxQ autophosphorylate and transfer 
phosphate to LuxO via LuxU. The phosphorylated luxO is an active repressor for the target genes. In 
the presence of the signal molecules, LuxN and LuxQ interact with their autoinducers and change 
from kinases to phosphatases that drain phosphate away from LuxO via LuxU. The dephosphorylated 
LuxO is inactive. Subsequently, transcription of the target genes is activated by LuxR. Redrawn after 
Miller and Bassler (2001). 
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Phenotypes that are controlled by quorum sensing include bioluminescence, 
conjugation, nodulation, swarming, sporulation, biocorrosion, antibiotic production 
and most importantly biofilm formation and the expression of virulence factors such 
as lytic enzymes, toxins, siderophores and adhesion molecules (De Kievit and 
Iglewski, 2000; Miller and Bassler, 2001; Whitehead et al., 2001; De Windt et al., 
2003). Quorum sensing systems are found in a still growing list of bacteria that are 
pathogenic to plants, animals and humans (for reviews see De Kievit and Iglewski 
(2000), Williams et al. (2000)). The list includes (but is not restricted to) the 
aquaculture pathogens Aeromonas hydrophila, Aeromonas salmonicida, 
Edwardsiella tarda, Vibrio anguillarum, Vibrio harveyi, Vibrio parahaemolyticus, Vibrio 
vulnificus, Vibrio salmonicida, Vibrio splendidus and Yersinia ruckeri. For most of 
them, a link between quorum sensing and virulence factor expression has been 
demonstrated (Table 2.1).  
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FIGURE 2.2. Chemical structures of some quorum sensing signal molecules and quorum sensing-
disrupting compounds. (A) The AHL produced by Vibrio harveyi, N-(3-hydroxybutanoyl)-L-homoserine 
lactone. (B) One of the signals produced by Aeromonas hydrophila and Aeromonas salmonicida, N-
(hexanoyl)-L-homoserine lactone. (C) N-(3-oxodecanoyl)-L-homoserine lactone, a long-chain AHL that 
is antagonistic towards Aeromonas hydrophila and Aeromonas salmonicida quorum sensing. 
(D) Vibrio harveyi Autoinducer 2, the furanosyl borate diester 3A-methyl-5,6-dihydro-furo [2,3-D][1,3,2] 
dioxaborole-2,2,6,6 A tetraol. (E) The natural brominated furanone (5Z)-4-bromo-5-(bromomethylene)-
3-butyl-2(5H)-furanone (produced by Delisea pulchra), one of the most intensively studied quorum 
sensing disrupting compounds. (F) (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone, a synthetic 
derivative of the natural furanones produced by Delisea pulchra. 
 
 
DISRUPTION OF QUORUM SENSING TO CONTROL INFECTIONS IN AQUACULTURE 
 
R
ef
er
en
ce
s 
S
w
ift
 e
t 
al
. 
(1
99
7)
, 
S
w
ift
 e
t 
al
. 
(1
99
9)
, L
yn
ch
 e
t a
l. 
(2
00
2)
 
S
w
ift
 e
t a
l. 
(1
99
7)
 
M
or
oh
os
hi
 e
t a
l. 
(2
00
4)
 
M
ilt
on
 e
t a
l. 
(1
99
7)
, B
uc
h 
et
 a
l. 
(2
00
3)
 
B
as
sl
er
 
et
 
al
. 
(1
99
3)
, 
Li
lle
y 
an
d 
B
as
sl
er
 (
20
00
), 
M
an
ef
ie
ld
 
et
 a
l. 
(2
00
0)
, M
ok
 e
t a
l. 
(2
00
3)
 
B
as
sl
er
 e
t a
l. 
(1
99
7)
, M
cC
ar
te
r 
(1
99
8)
, 
H
en
ke
 
an
d 
B
as
sl
er
 
(2
00
4b
) 
B
ru
hn
 e
t a
l. 
(2
00
5)
 
M
cD
ou
ga
ld
 e
t 
al
. 
(2
00
0)
, 
K
im
 
et
 a
l. 
(2
00
3)
 
B
ru
hn
 e
t a
l. 
(2
00
5)
 
Q
uo
ru
m
 s
en
si
ng
- r
eg
ul
at
ed
 v
iru
le
nc
e 
(fa
ct
or
s)
 
bi
of
ilm
 fo
rm
at
io
n,
 e
xo
pr
ot
ea
se
 p
ro
du
ct
io
n 
se
rin
e 
pr
ot
ea
se
 p
ro
du
ct
io
n 
“v
iru
le
nt
 s
tra
in
-s
pe
ci
fic
 p
ro
te
in
” 
un
kn
ow
n 
si
de
ro
ph
or
e 
pr
od
uc
tio
n,
 
pr
od
uc
tio
n 
of
 
ty
pe
 
III
 
se
cr
et
io
n 
sy
st
em
 c
om
po
ne
nt
s,
 e
xt
ra
ce
llu
la
r t
ox
in
 p
ro
du
ct
io
n 
op
ac
ity
, p
ro
du
ct
io
n 
of
 ty
pe
 II
I s
ec
re
tio
n 
sy
st
em
 c
om
po
ne
nt
s 
un
kn
ow
n 
pr
ot
ea
se
 a
nd
 h
ae
m
ol
ys
in
 p
ro
du
ct
io
n,
 le
th
al
ity
 to
 m
ic
e 
un
kn
ow
n 
Si
gn
al
 
B
H
La
, H
H
Lb
B
H
La
, H
H
Lb
pr
ob
ab
ly
 H
H
Lb
 a
nd
 
H
eH
Lc
O
D
H
Ld
, 
A
I-2
 a
nd
at
 
le
as
t 2
 o
th
er
 A
H
Ls
 
O
H
B
H
Le
, A
I-2
 
O
H
B
H
Le
, A
I-2
 
O
H
H
Lf
, H
H
Lb
A
I-2
 
O
O
H
Lg
, O
H
Lh
TA
B
LE
 2
.1
: T
he
 q
uo
ru
m
 s
en
si
ng
 s
ys
te
m
s 
of
 d
iff
er
en
t a
qu
at
ic
 p
at
ho
ge
ns
 a
nd
 th
e 
lin
k 
be
tw
ee
n 
qu
or
um
 s
en
si
ng
 a
nd
 v
iru
le
nc
e 
ex
pr
es
si
on
. 
a B
H
L:
 N
-b
ut
an
oy
l-L
-h
om
os
er
in
e 
la
ct
on
e 
b H
H
L:
 N
-h
ex
an
oy
l-L
-h
om
os
er
in
e 
la
ct
on
e 
c H
eH
L:
 N
-h
ep
ta
no
yl
-L
-h
om
os
er
in
e 
la
ct
on
e 
d O
D
H
L:
 N
-(
3-
ox
od
ec
an
oy
l)-
L-
ho
m
os
er
in
e 
la
ct
on
e 
e O
H
B
H
L:
 N
-(
3-
hy
dr
ox
yb
ut
an
oy
l)-
 L
-h
om
os
er
in
e 
la
ct
on
e 
f O
H
H
L:
 N
-(
3-
ox
oh
ex
an
oy
l)-
L-
ho
m
os
er
in
e 
la
ct
on
e 
g O
O
H
L:
 N
-(
3-
ox
o-
oc
ta
no
yl
)-
L-
ho
m
os
er
in
e 
la
ct
on
e 
h O
H
L:
 N
-o
ct
an
oy
l-L
-h
om
os
er
in
e 
la
ct
on
e 
A
er
om
on
as
 s
al
m
on
ic
id
a 
V
ib
rio
 p
ar
ah
ae
m
ol
yt
ic
us
 
A
er
om
on
as
 h
yd
ro
ph
ila
 
E
dw
ar
ds
ie
lla
 ta
rd
a 
V
ib
rio
 s
al
m
on
ic
id
a 
V
ib
rio
 a
ng
ui
lla
ru
m
 
V
ib
rio
 v
ul
ni
fic
us
 
Y
er
si
ni
a 
ru
ck
er
i 
V
ib
rio
 h
ar
ve
yi
 
Sp
ec
ie
s  
 
13 
CHAPTER 2 
 
 
14 
The hypothesis that prevails in literature is that bacteria use quorum sensing to 
sense population density. According to this hypothesis, quorum sensing regulated 
genes are expressed (or repressed) depending on the bacterial cell density. 
However, this hypothesis rests on quite weak foundations and in fact, it has never 
been proven. Consequently, Redfield (2002) argued for a more direct function of 
quorum sensing: the ability to determine whether secreted molecules rapidly diffuse 
away from the cell. This diffusion sensing would allow cells to regulate secretion of 
degradative enzymes and other effectors to minimize losses owing to extracellular 
diffusion and mixing. 
It has been shown that inactivating the quorum sensing system of quorum sensing 
pathogens can result in a significant decrease in virulence factor expression (Jones 
et al., 1993; Swift et al., 1999) and in a decrease of virulence (Wu et al., 2001). As 
the importance of quorum sensing in virulence development of pathogenic bacteria 
became clear, disruption of quorum sensing was suggested as a new anti-infective 
strategy (Finch et al., 1998). Subsequently, several research groups started to 
investigate different techniques that could disrupt the quorum sensing systems of 
pathogens (Figure 2.3). The techniques that have been developed so far will be 
discussed throughout the following paragraphs. 
 
 
INHIBITION OF SIGNAL MOLECULE BIOSYNTHESIS 
A first quorum sensing disrupting technique aims at inhibiting signal molecule 
biosynthesis. In many cases, homologues of the Vibrio fischeri LuxI protein catalyse 
the biosynthesis of Gram-negative AHL signal molecules, using acyl-acyl carrier 
proteins (for the acyl chain) and S-adenosylmethionine (for the homoserine lactone 
moiety) as substrates (Whitehead et al., 2001). In an attempt to block AHL 
biosynthesis, Parsek et al. (1999) found that analogues of S-adenosylmethionine 
(such as S-adenosylcysteine) could inhibit activity of the Pseudomonas aeruginosa 
LuxI homologue RhlI by up to 97%. Database research revealed that no AHL 
synthase sequence motifs were present in other enzymes with S-adenosylmethionine 
binding sites. Therefore, it might be possible to use the S-adenosylmethionine 
analogues as specific quorum sensing inhibitors, without affecting other vital 
processes in prokaryotic and eukaryotic organisms. 
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FIGURE 2.3. Schematic overview of different strategies that have been developed to disrupt bacterial 
quorum sensing. (A) Inhibition of signal molecule biosynthesis by the application of substrate 
analogues. (B) Blocking signal transduction by the application of quorum sensing antagonists. (C) 
Chemical inactivation and biodegradation of signal molecules. (D) Application of quorum sensing 
agonists to evoke virulence factor expression at under unfavourable conditions. See text for details. 
  
Signal molecule biosynthesis inhibitors seem to be promising quorum sensing 
disrupting compounds. However, further research is necessary to elucidate whether 
these inhibitors would be useful to combat infections in aquaculture since there are 
currently no data about their impact on virulence expression of pathogenic bacteria. 
 
 
APPLICATION OF QUORUM SENSING ANTAGONISTS  
HALOGENATED FURANONES 
As quorum sensing-mediated processes are often involved in the interaction with 
plant and animal hosts, it might not be surprising that these higher organisms have 
developed mechanisms to disrupt quorum sensing. The red marine alga Delisea 
pulchra has developed such a defense mechanism to protect itself from extensive 
bacterial colonisation (Givskov et al., 1996). The alga produces halogenated 
furanones, such as (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 
(Figure 2.2 E), as quorum sensing disrupting compounds. Because of the structural 
similarity between AHL molecules and the furanones, it was originally hypothesised 
15 
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that these compounds disrupt AHL-mediated quorum sensing by competitively 
binding to the LuxR receptor site (Givskov et al., 1996). Later on, it was shown that 
the furanones promote rapid turnover of the LuxR-type AHL receptor protein, 
reducing the amount of LuxR available to interact with AHL and to act as 
transcriptional regulator (Manefield et al., 2002). Importantly, these compounds do 
not affect growth of Gram-negative bacteria and consequently, they are unlikely to 
pose a selective pressure for resistance development (Hentzer and Givskov, 2003). 
Because of the promising results obtained with natural furanones, several research 
groups investigated synthetic derivatives of these compounds. As far as we know, 
the furanone (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone (Figure 2.2 F), is the 
most active AHL antagonist mentioned in literature thus far. This furanone, dosed in 
a concentration of 10 µM, could almost completely reduce virulence factor expression 
in pure cultures of Pseudomonas aeruginosa PAO1 (Hentzer et al., 2003). 
Interestingly, the furanone was equally active on biofilm bacteria compared to 
planktonic cells, making them susceptible to sodium dodecyl sulphate and antibiotics. 
In the absence of the furanone, on the contrary, 100- to 1000-fold higher doses of 
antibiotics are required to eradicate biofilm bacteria compared to their planktonic 
counterparts (Anwar and Costerton, 1990). 
Apart from disrupting AHL-mediated quorum sensing, halogenated furanones were 
also shown to affect AI-2-mediated quorum sensing. The natural furanone(5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone, previously described as an AHL 
antagonistic analogue, was shown to completely inhibit AI-2-regulated swarming of 
Escherichia coli (Ren et al., 2001). Moreover, the furanone decreased thickness of 
Escherichia coli biofilms by 55% and the percentage of live cells in the biofilms by 
87%. Finally, the furanone also inhibited AHL-mediated as well as AI-2-mediated 
luminescence in Vibrio harveyi. Interestingly, Manefield et al. (2000) found that the 
furanone inhibited extracellular toxin production in a pathogenic Vibrio harveyi strain. 
Mortality in the shrimp Penaeus monodon was reduced to 50% after intramuscular 
injection with diluted cell supernatant extracts from Vibrio harveyi cultures grown in 
the presence of the halogenated furanone, compared to extracts from untreated 
cultures. Furthermore, Rasch et al. (2004) found that the synthetic furanone (5Z)-4-
bromo-5-(bromomethylene)-2(5H)-furanone, at 0.01 and 0.1 µM, protected rainbow 
trout (Oncorhynchus mykiss) from vibriosis caused by Vibrio anguillarum. However, 
these authors mentioned that the compound was toxic to the fish, resulting in rapid 
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death of the animals when exposed to 1 µM or more. Hentzer and Givskov (2003) 
also mentioned that the currently known halogenated furanones are too reactive and 
therefore presumably too toxic for the treatment of infections in higher organisms. 
 
ANTAGONISTIC AHL MOLECULES 
Apart from the Delisea pulchra furanones, it was shown that some naturally occurring 
AHL molecules could stimulate quorum sensing-regulated pigment production in the 
Gram-negative bacterium Chromobacterium violaceum, while other AHLs completely 
inhibited this phenotype (McClean et al., 1997). The stimulatory or inhibitory effect 
was linked to the structure of the acyl side chain of the molecules: AHLs with an acyl 
side chain containing up to 8 carbons were stimulatory, acting as quorum sensing 
agonists. AHLs with an acyl chain containing 10 carbons or more, on the other hand, 
were inhibitory and acted as quorum sensing antagonists. Interestingly, research by 
Swift et al. (1997) and Swift et al. (1999) indicated that heterologous AHLs are able 
to reduce virulence factor production by the aquatic pathogens Aeromonas 
hydrophila and Aeromonas salmonicida. In the first report, Swift et al. (1997) showed 
that serine protease production by Aeromonas salmonicida was delayed and that the 
final concentration was reduced to 50% by applying N-(3-oxododecanoyl)-L-
homoserine lactone at a concentration of 10 µM. In a second research, Swift et al. 
(1999) demonstrated that N-(3-oxodecanoyl)-L-homoserine lactone (Figure 2.2 C), at 
a concentration of 10 µM, inhibited quorum sensing-regulated exoprotease 
production by the Gram-negative pathogen Aeromonas hydrophila as well. Two other 
3-oxo substituted long-acyl AHLs, N-(3-oxododecanoyl)-L-homoserine lactone and N-
(3-oxotetradecanoyl)-L-homoserine lactone, had a similar effect. Based on the 
findings mentioned above, several research groups started to investigate the 
activities of different synthetic AHL analogues with respect to quorum sensing 
(Reverchon, 2002; Smith et al., 2003a, Hentzer et al., 2002). 
 
ANTAGONISTS PRODUCED BY HIGHER PLANTS AND MICRO-ALGAE 
In an attempt to learn whether eukaryotes can interact with bacterial quorum sensing, 
Teplitski et al. (2000) found that exudates from higher plants, such as pea, rice, 
soybean, tomato, crown vetch and Medicago truncatula also influence AHL-mediated 
quorum sensing. Reverse phase high-performance liquid chromatography revealed 
that there are several different AHL mimicking substances present in extracts from 
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pea and Medicago truncatula seedlings (Teplitski et al., 2000; Gao et al., 2003). In 
contrast to Delisea pulchra, these plants secrete substances that stimulate AHL-
dependent quorum sensing as well as substances that inhibit such responses. 
Recently, Keshavan et al. (2005) demonstrated that seed exudates of Medicago 
sativa are capable of interfering with quorum sensing-regulated gene expression in 
different bacteria. They identified one of the quorum sensing-inhibiting compounds as 
L-canavanine, an arginine analog which is produced in large quantities by alfalfa and 
other legumes.  
Interestingly, similar results were obtained for micro-algae (Teplitski et al., 2004). The 
algae Chlamydomonas reinhardtii, Chlamydomonas mutablis, Chlorella vulgaris and 
Chlorella fusca all stimulated quorum sensing-regulated luminescence in wildtype 
Vibrio harveyi. In contrast, colonies of Chlamydomonas reinhardtii inhibited AHL-
mediated luminescence in several different Escherichia coli AHL reporter strains. The 
inhibition of luminescence was shown not to be due to toxicity or to an inhibition of 
luminescence as such since the luminescence of a constitutively luminescent 
Escherichia coli strain was not inhibited. Apart from that, culture age as well as 
growth conditions were shown to be important factors in the production of AHL 
mimicking substances by Chlamydomonas reinhardtii. The levels of these 
substances were considerably higher if the alga was cultured phototrophically 
compared to culturing on a medium containing acetate as a carbon source. 
Unfortunately, the chemical nature of the quorum sensing mimic compounds 
secreted by these micro-algae still has to be elucidated.  
 
SIGNIFICANCE FOR AQUACULTURE 
Altogether, the results mentioned above indicate that the application of quorum 
sensing antagonists in aquaculture might constitute an alternative approach for 
controlling infections caused by pathogens that regulate virulence factor expression 
by quorum sensing. Apart from that, the results obtained in the researches with the 
macro-alga Delisea pulchra and with the unicellular algae Chlamydomonas and 
Chlorella indicate that algae might be useful to control infections in aquaculture as 
they disrupt the quorum sensing systems of pathogenic bacteria.  
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CHEMICAL INACTIVATION OF QUORUM SENSING MOLECULES 
It has been established for a long time that homoserine lactones are chemically 
inactivated via alkaline hydrolysis, yielding the cognate homoserines (Voelkert and 
Grant, 1970). More recently, two independent research groups reported reversible 
alkaline hydrolysis of AHLs at pH 8 or higher (Byers et al., 2002; Yates et al., 2002). 
The instability of the molecules at high pH was found to increase with increasing 
temperature and decreasing acyl side chain length.  
To our knowledge, the only other chemical inactivation that has been studied so far is 
the reaction with oxidised halogen antimicrobials. These compounds, at a 
concentration of approximately 0,14 mM, were found to decrease the concentration 
of 3-oxo-substituted AHLs to about one fourth after 1 minute incubation, but had no 
effect on unsubstituted ones (Borchardt et al., 2001). Moreover, the inactivation of 3-
oxo AHLs was shown to proceed in the presence of polysaccharide biofilm 
compounds despite the much higher concentration of the latter compared to the AHL 
concentration. In a further study, Michels et al. (2003) unravelled the inactivation 
mechanism by liquid chromatography-mass spectrometry. Apparently, the reaction 
kinetics are largely influenced by the pH of the reaction mixture. At pH 6, a 3-oxo 
AHL molecule reacts quickly with two molecules of hypobromous or hypochlorous 
acid, yielding a 2,2-dihalo-3-oxo AHL molecule. Subsequently, the acyl chain is 
hydrolysed, yielding a fatty acid and 2,2-dihalo-N-ethanoyl-L-homoserine lactone 
(Figure 2.4).  
 
 
R
NHO
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O
O
R
NH
O O
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O
X X R
O
OH
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+ 
FIGURE 2.4. Reaction between a 3-oxo AHL and halogen antimicrobials (HOX; hypobromous or 
hypochlorous acid) at pH 6. First, two α-halogenation reactions occur, yielding 2,2-dihalo-3-oxo AHL. 
Subsequently, the acyl chain is hydrolised, yielding a fatty acid and 2,2-dihalo-N-ethanoyl-L-
homoserine lactone. The R is an alkyl group consisting of between 3 and 13 carbons which can have 
an oxo or hydroxyl substitution at the second carbon. Redrawn after Michels et al. (2000). 
 
At pH 3, the reaction stops after the halogenation steps, whereas at pH 8, the lactone 
ring of 2,2-dihalo-N-ethanoyl-L-homoserine lactone is hydrolysed, yielding 2,2-dihalo-
N-ethanoyl-L-homoserine. These data indicate that treating culture water with low 
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concentrations of strong oxidising agents might be useful as an anti-infective therapy 
in aquaculture by removing the quorum sensing molecules of pathogens. 
 
 
ENZYMATIC INACTIVATION AND BIODEGRADATION OF QUORUM SENSING 
MOLECULES 
The ability to degrade AHLs seems to be widely distributed in the bacterial kingdom. 
Enzymes that are able to inactivate AHLs have been discovered in species belonging 
to the α-Proteobacteria (Zhang et al., 2002), the β-Proteobacteria (Leadbetter and 
Greenberg, 2000; Lin et al., 2003; Uroz et al., 2003) and the γ-Proteobacteria (Uroz 
et al., 2003) as well as in some Gram-positive species (Dong et al., 2002; Lee et al., 
2002b; Uroz et al., 2003). These bacteria might block the quorum sensing systems of 
their bacterial competitors to obtain a selective advantage over them. This could be 
the case, for instance, for those microbes living in proximity of bacteria that regulate 
the production of antibiotics via quorum sensing (Pierson et al., 1998). The actual 
inactivation of the signal compound can be mediated by two types of enzymes: AHL 
lactonases and AHL acylases (Figure 2.5).  
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FIGURE 2.5. Enzymatic inactivation of AHLs. Cleavage of the amide bond by an AHL acylase enzyme 
yields a fatty acid and homoserine lactone. Cleavage of the lactone ring by an AHL lactonase enzyme 
yields the corresponding acylated homoserine. The R is an alkyl group consisting of between 3 and 13 
carbons which can have an oxo or hydroxyl substitution at the second carbon. 
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BACTERIAL AHL LACTONASES 
Dong et al. (2000) screened more than 500 field and laboratory bacterial isolates for 
AHL-inactivating activity. Of these, 24 isolates showed different levels of enzymatic 
activity in eliminating AHLs. The enzyme responsible for the AHL-inactivating activity 
(AiiA) was isolated from the strain that showed the strongest activity, Bacillus sp. 
strain 240B1. The purified enzyme, at a concentration of 50 mg l-1, reduced the 
concentration of N-(3-oxohexanoyl)-L-homoserine lactone from 20 µM to about 5 µM 
after 10 minutes. Electrospray ionisation-mass spectrometry of the hydrolysis product 
revealed that the AiiA enzyme opens the lactone ring to produce N-(3-oxohexanoyl)-
L-homoserine (Dong et al., 2001). Further research demonstrated that genes 
encoding AHL-degrading lactonases are widespread in many Bacillus species (Dong 
et al., 2002; Lee et al., 2002b; Dong et al., 2004). These AiiA homologues showed 
about 90% sequence homology at the amino acid level. 
The first evidence indicating that enzymatic AHL inactivation could be used as a 
biocontrol strategy was provided in the study of Dong et al. (2000). In this study, 
expression of the AiiA enzyme in transformed Erwinia carotovora decreased the 
production of cell wall degrading enzymes by the pathogen to about 10% and 
inhibited soft rot disease symptoms in susceptible plants almost completely. In a 
further in vivo study, Molina et al. (2003) tested the efficacy of using an AHL-
degrading Bacillus sp. strain for the biocontrol of plant diseases. The Bacillus sp. 
strain could reduce potato tuber soft rot caused by Erwinia carotovora to about 15% 
and crown gall in tomato caused by Agrobacterium tumefaciens to about 10%. AHL 
degradation by the Bacillus sp. strain offered a protection as effective as or better 
than antibiotic production by a Pseudomonas chlororaphis biocontrol strain. 
Moreover, degradation of AHLs had not only a preventive, but also a curative 
biocontrol activity. Recently, similar results were obtained with Bacillus thuringiensis 
(Dong et al., 2004). 
 
BACTERIAL AHL ACYLASES 
At the same time as Dong et al. (2000) discovered an AHL-degrading Bacillus sp. 
strain, Leadbetter and Greenberg (2000) isolated a strain that could use AHLs as the 
sole source of carbon and nitrogen. This strain, Variovorax paradoxus VAI-C, was 
enriched on a medium with 500 mg/L N-(3-oxohexanoyl)-L-homoserine lactone as 
the sole source of carbon and nitrogen. The researchers deduced from experiments 
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with radiolabeled AHL that Variovorax paradoxus cleaves the AHL by an AHL 
acylase enzyme, releasing homoserine lactone and a fatty acid. Subsequently, the 
fatty acid is used as carbon source via the β-oxidation pathway. Further research is 
needed to elucidate how the bacterium obtains the nitrogen from the homoserine 
lactone moiety. More recently, Flagan et al. (2003) isolated a bacterium, Arthrobacter 
sp. strain VAI-A, capable of degrading and utilising the nitrogenous breakdown 
products of AHL signal molecules. Interestingly, the AHL-dependent growth rate and 
yield of a coculture of the Arthrobacter sp. strain and Variovorax paradoxus VAI-C 
were superior to those of monocultures of these bacteria, indicating that consortia 
may have a synergistic effect in quorum sensing signal turnover and mineralisation.  
Huang et al. (2003) showed that some substrate specificity of AHL-inactivating 
enzymes can exist. The researchers isolated a soil pseudomonad, strain PAI-A, that 
inactivated AHLs by means of an AHL acylase enzyme. In contrast to Variovorax 
paradoxus and Ralstonia sp. strain XJ12B, the pseudomonad could only utilise AHLs 
with acyl side chains longer than 8 carbons. Since the 16S rRNA gene from strain 
PAI-A showed high similarity to the one from the pathogen Pseudomonas aeruginosa 
PAO1, the ability of the pathogen to degrade AHLs was investigated as well. In 
accordance with the results obtained for the strain PAI-A, the pathogen started to 
grow on long-acyl AHLs but not on short-acyl AHLs. The investigators presumed that 
degradation of its own long-acyl AHL, N-(3-oxododecanoyl)-L-homoserine lactone, 
may play a role in the regulation of the quorum sensing system of Pseudomonas 
aeruginosa. Such a signal turnover control mechanism had already been found in 
Agrobacterium tumefaciens (Zhang et al., 2002). 
 
EUKARYOTIC AHL-INACTIVATION 
Since several bacterial AHL acylases had been found to inactivate AHLs by 
deacylation, Xu et al. (2003) investigated the ability of an eukaryotic counterpart of 
these bacterial enzymes to inactivate AHL molecules. Different AHLs were shown to 
be inactivated by the porcine kidney acylase I enzyme. However, since the 
inactivation was best at high pH, it could have been due to simple alkaline hydrolysis 
of the lactone ring. Apart from this, Chun et al. (2004) demonstrated that human 
airway epithelia inactivate the Pseudomonas aeruginosa signal molecule N-(3-
oxododecanoyl)-L-homoserine lactone. Inactivation was found to be selective for 
AHLs with certain acyl side chains and varied widely in different cell types. More 
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recently, Yang et al. (2005)  reported that AHL inactivation capacity was present in 
serum samples of 6 different mammals. High-performance liquid chromatography 
and mass spectrometry analyses revealed that the sera contained a lactonase-like 
enzyme, which hydrolysed the lactone ring. 
 
SIGNIFICANCE FOR AQUACULTURE 
The data mentioned above indicate that bacteria that are able to degrade quorum 
sensing signal molecules might be useful as biocontrol agents in aquaculture. Hence, 
it is of interest to investigate whether signal molecule degraders would be good 
probionts. Apart from that, the reports dealing with AHL-degrading Bacillus spp. 
(Dong et al., 2000; Molina et al., 2003; Dong et al., 2004) suggest that the positive 
effect of Bacillus spp., used as probionts in aquaculture (Moriarty, 1998; Rengpipat et 
al., 2003), might partly be due to inactivation of quorum sensing molecules -apart 
from the production of growth-inhibiting substances.  
 
 
THE OPPOSITE WAY: APPLICATION OF QUORUM SENSING AGONISTIC 
ANALOGUES 
All techniques discussed so far aim to inactivate quorum sensing-regulated virulence 
factor expression. Mäe et al. (2001), however, tested an opposite strategy: they 
activated quorum sensing-regulated virulence factor expression by using quorum 
sensing agonists. The idea behind this strategy was that by adding the signal 
molecule of a pathogen, virulence factor expression would be activated at low 
population density. Subsequently, the virulence factors could trigger the activation of 
the host’s defense system allowing resistance to develop. In the research of Mäe et 
al. (2001), disease in tobacco plants caused by Erwinia carotovora was reduced to 
10% by applying a 5 mM solution of the pathogen’s own AHL. Furthermore, the 
ability of Erwinia carotovora to cause disease after local inoculation with 106 
pathogens per plant was decreased to about half in transgenic tobacco plants 
producing the pathogen’s AHL compared to wildtype lines. If the infection was 
already established or if the inoculum size was increased by a factor 4 or more, 
however, there was no significant difference between AHL-producing and control 
plants. Apparently, the pathogen was present in sufficiently large numbers to 
overwhelm the defense system of the plant in these cases. Taken together, these 
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results are in accordance with the original hypothesis that quorum sensing is used to 
avoid premature virulence factor production and subsequent activation of plant 
defense responses. As this research was conducted with plants, it would be very 
interesting to conduct similar tests with (aquatic) animals to investigate whether their 
immune systems -specific or nonspecific- could be activated successfully if a quorum 
sensing pathogen is present by the application of the microbe’s signal molecule. 
 
 
LIMITATIONS TO DISRUPTION OF BACTERIAL QUORUM SENSING 
RESISTANCE DEVELOPMENT 
A first limitation to the use of quorum sensing disrupting techniques as a new anti-
infective therapy might be resistance development. Indeed, research by Zhu et al. 
(1998) indicates that bacteria could simply circumvent quorum sensing blockade by 
overexpressing quorum sensing genes. These researchers found that many synthetic 
AHL analogues were potent inhibitors of quorum sensing responses in wildtype 
Agrobacterium tumefaciens, whereas in a transformed strain that overexpressed the 
Agrobacterium tumefaciens LuxR homologue TraR, inhibition was not detected for 
any of the analogues. However, as disruption of quorum sensing is less likely to pose 
a selective pressure for development of resistance than conventional antibacterial 
compounds do (Hentzer et al., 2003), the chance that a quorum sensing mutant will 
arise might be rather small. 
 
DISRUPTION OF FAVOURABLE PROCESSES DUE TO A LACK OF SPECIFICITY 
Apart from resistance development, the lack of specificity could also confine the use 
of quorum sensing disrupting techniques to control pathogens. Most quorum sensing 
disrupting techniques developed so far are not specifically blocking the quorum 
sensing system of one or more pathogens. Most AHL degrading bacteria, for 
instance, inactivate a wide range of AHL molecules. However, not all bacteria found 
to contain a quorum sensing system are pathogens. Quorum sensing was shown, for 
example, to be involved in nodule formation by Rhizobium species and in antibiotic 
production by fluorescent pseudomonads (Pierson et al., 1997; Pierson et al., 1998). 
As could be the case for these growth promoting and biocontrol activities of plant-
associated bacteria, gross disruption of quorum sensing might adversely affect yet 
unknown favourable quorum sensing-regulated processes in aquatic ecosystems. On 
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the other hand, it will probably be difficult to develop techniques that only disrupt the 
quorum sensing system of a single pathogenic species. It is clear that much more 
knowledge about the occurrence and function of quorum sensing in aquaculture 
systems will be necessary in order to be able to develop a new anti- infective 
strategy. 
 
 
CONCLUSIONS AND FURTHER PERSPECTIVES 
The results obtained by using techniques that disrupt quorum sensing systems of 
pathogenic bacteria indicate that it is a promising alternative for antibiotics in fighting 
bacterial infections. This new approach might also have value in aquaculture since a 
link between quorum sensing and virulence factor expression in several aquatic 
pathogens has been demonstrated. Unfortunately, data about the impact of quorum 
sensing on virulence (i.e. the net result of all virulence factors) of aquatic pathogens 
are scarce. Fundamental research in the quorum sensing domain will undoubtedly 
provide more precise insights into the mechanism by which the expression of quorum 
sensing-regulated genes is activated or inhibited. This research will make it possible, 
for example, to conduct a more directed search for antagonists. So far, most of the 
research has been done on the AHL-mediated quorum sensing systems of Gram-
negative human and plant pathogens. However, it can be expected that more 
techniques to disrupt quorum sensing systems of other pathogens will be developed 
in the future.  
Before this new strategy can be applied in aquaculture, there are some important 
topics that should be faced. First of all, the impact of disrupting the quorum sensing 
system of several aquatic pathogens on their virulence should be studied in full depth 
in order to elucidate whether it is a valid anti-infective strategy in aquaculture. 
Secondly, the different quorum sensing disrupting techniques should be investigated 
further in order to determine which techniques suit best for the aquaculture system of 
interest. In this view, one should try to get an idea about the impact of the techniques 
on the health of the final consumer of the aquaculture product and also on the 
aquaculture system itself since gross disruption of quorum sensing might adversely 
affect yet unknown favourable quorum sensing-regulated processes. Moreover, 
some practical problems -such as the cost of a treatment and how to deliver the 
quorum sensing disrupting compound or organism to the site of action- should be 
25 
CHAPTER 2 
 
 
26 
considered. Finally, the problem of eventual resistance development should not be 
neglected although disruption of quorum sensing is less likely to pose a selective 
pressure for development of resistance than conventional antibacterial compounds 
do. 
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THE IMPACT OF MUTATIONS IN THE QUORUM SENSING SYSTEMS 
OF AEROMONAS HYDROPHILA, VIBRIO ANGUILLARUM AND VIBRIO 
HARVEYI ON THEIR VIRULENCE TOWARDS GNOTOBIOTICALLY 
CULTURED ARTEMIA FRANCISCANA1
 
SUMMARY 
Disruption of quorum sensing, bacterial cell-to-cell communication by means of small 
signal molecules, has been suggested as a new anti-infective strategy for 
aquaculture. However, data about the impact of quorum sensing on the virulence of 
aquatic pathogens are scarce. In this study, a model system using gnotobiotically 
cultured Artemia franciscana was developed in order to determine the impact of 
mutations in the quorum sensing systems of Aeromonas hydrophila, Vibrio 
anguillarum and Vibrio harveyi on their virulence. Mutations in the Autoinducer 2 
synthase gene luxS, the Autoinducer 2 receptor gene luxP or the signal transduction 
gene luxO of the Vibrio harveyi quorum sensing system abolished virulence of the 
bacterium towards Artemia. Moreover, the addition of an exogenous source of 
Autoinducer 2 could restore the virulence of an Autoinducer 2 non-producing mutant. 
In contrast, none of the mutations in either the AHL-mediated channel of the Vibrio 
harveyi quorum sensing system or the quorum sensing systems of Aeromonas 
hydrophila and Vibrio anguillarum had an impact on virulence of these bacteria 
towards Artemia. 
  
 
                                            
1 Redrafted after Defoirdt, T., Bossier, P., Sorgeloos, P., and Verstraete, W. (2005). The impact of 
mutations in the quorum sensing systems of Aeromonas hydrophila, Vibrio anguillarum and Vibrio 
harveyi on their virulence towards gnotobiotically cultured Artemia franciscana. Environmental 
Microbiology 7: 1239-1247. 
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INTRODUCTION 
Disease outbreaks are considered to be a significant constraint to the development of 
the aquaculture sector (Subasinghe, 2001). Infections caused by pathogenic or 
opportunistic strains belonging to the species Aeromonas hydrophila, Vibrio 
anguillarum or Vibrio harveyi cause dramatic losses in the intensive rearing of 
molluscs, finfish and shrimp (Pass et al., 1987; Karunasagar et al., 1994; Larsen et 
al., 1994; Zhang and Austin, 2000; Muroga, 2001; Nielsen et al., 2001). So far, 
conventional antibiotics have only had limited success in the treatment of aquaculture 
disease (Subasinghe, 2001). Moreover, their frequent use is leading to the rapid 
development of (multiple) resistance (Schmidt, 2000; Teo et al., 2000; Molina-Aja et 
al., 2002; Teo et al., 2002; Vivekanandhan et al., 2002). Therefore, there is an urgent 
need for alternative control techniques. 
Disruption of quorum sensing, a type of cell-to-cell communication by means of small 
signal molecules called autoinducers, has been suggested as a new anti-infective 
strategy for aquaculture (see Chapter 2). So far, two major quorum sensing systems 
have been found in Gram-negative aquaculture pathogens. Like many other Gram-
negative bacteria, Aeromonas hydrophila (Swift et al., 1997) and Vibrio anguillarum 
(Milton et al., 1997) were found to contain an acylated homoserine lactone (AHL)-
mediated quorum sensing system (Figure 3.1A, for reviews about this type of 
quorum sensing see Fuqua et al. (2001), Miller and Bassler (2001) and Whitehead et 
al. (2001)). In addition to these AHL-mediated systems, a totally different dual 
channel system was found in the luminescent bacterium Vibrio harveyi. The first 
channel of this system is mediated by the AHL N-(3-hydroxybutanoyl)-L-homoserine 
lactone (Cao and Meighen, 1989). The second channel is mediated by the so-called 
autoinducer 2 (AI-2), which is the furanosyl borate diester 3A-methyl-5,6-dihydro-
furo[2,3-D][1,3,2]dioxaborole-2,2,6,6-A-tetraol (Chen et al., 2002). Both autoinducers 
are detected at the cell surface and can activate or inactivate target genes by a 
phosphorylation and dephosphorylation cascade (Figure 3.1B; for reviews about this 
type of quorum sensing see McNab and Lamont (2003) and Xavier and Bassler 
(2003)). A dual channel quorum sensing system similar to the Vibrio harveyi system 
was recently discovered in Vibrio anguillarum (Croxatto et al., 2004), in addition to its 
previously mentioned AHL-mediated system. 
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FIGURE 3.1. Quorum sensing in Aeromonas hydrophila, Vibrio anguillarum and Vibrio harveyi. (A) 
AHL-mediated quorum sensing in Aeromonas hydrophila (based on Swift et al., 1997). AHLs are 
synthesised by the AhyI enzyme. At a critical AHL concentration, AHL binds to the response regulator 
AhyR. The AHL-AhyR complex activates transcription of target genes (e.g. exoprotease). The AhyI 
and AhyR homologues in Vibrio anguillarum are called VanI and VanR, respectively (Milton et al., 
1997). (B) The quorum sensing system of Vibrio harveyi (as known at the moment of publication of 
this paper; see Chapters 4, 5 and 6 for a more recent picture). The LuxM enzyme catalyses the 
biosynthesis of an AHL; AI-2 biosynthesis is catalysed by the LuxS enzyme. The autoinducers are 
detected at the cell surface by the LuxN and LuxP-LuxQ proteins, respectively. In the absence of the 
autoinducers, LuxN and LuxQ autophosphorylate and transfer phosphate to LuxO via LuxU. In the 
presence of the autoinducers, LuxN and LuxQ change from kinases to phosphatases that drain 
phosphate away from LuxO via LuxU. The signal is further transduced via a putative repressor, called 
X, and via the response regulator LuxR. LuxR activates or inactivates the transcription of target genes 
(e.g. the luxCDABE genes that are needed for bioluminescence, and the components of a type III 
secretion system). The LuxR, LuxM, LuxN, LuxPQ, LuxU and LuxO homologues in Vibrio anguillarum 
are called VanT, VanM, VanN, VanPQ, VanU and VanO, respectively (Croxatto et al., 2004). IM: Inner 
Membrane; OM: Outer Membrane. 
 
Several virulence-associated phenotypes in aquaculture pathogens have been 
shown to be controlled by quorum sensing. These phenotypes include biofilm 
formation (Lynch et al., 2002; Croxatto et al., 2002), opacity (McCarter, 1998), 
resistance against oxidative stress (McDougald et al., 2003) and the production of 
virulence factors such as proteases (Swift et al., 1997; Swift et al., 1999; Croxatto et 
al., 2002), haemolysin (Kim et al., 2003), a type III secretion system (Henke and 
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Bassler, 2004b), extracellular toxin (Manefield et al., 2000) and a siderophore (Lilley 
and Bassler, 2000). So far, most reports dealing with quorum sensing and virulence 
of aquaculture pathogens focused on the quorum sensing-dependent expression of 
one or more virulence factors. However, as pathogens usually employ multiple 
virulence factors, it is not always clear what the impact is of one single virulence 
factor on the virulence of the pathogen, which can be thought of as the net result of 
all virulence factors (Finlay and Falkow, 1997). Unfortunately, only few studies have 
investigated the impact of mutations in genes involved in quorum sensing or quorum 
sensing inhibitors on the virulence of aquaculture pathogens (Milton et al., 1997; 
Milton et al., 2001; Croxatto et al., 2002; Kim et al., 2003; Croxatto et al., 2004; 
Rasch et al., 2004).  
A major handicap in studying this type of effects is the difficulty to eliminate (or 
distinguish the effect of) the microbiota that is naturally present in any type of aquatic 
environment (Marques et al., 2004). Indeed, the presence of a native bacterial 
community might cause bias in experiments that try to determine the impact of 
quorum sensing mutations on virulence of pathogenic bacteria since AI-2-mediated 
signalling was found to be present in many different species (Xavier and Bassler, 
2003). In this view, the brine shrimp Artemia franciscana is an excellent model 
organism since it can easily be cultured in gnotobiotic conditions (Verschuere et al., 
1999). Therefore, it was used in this study in order to determine the impact of 
mutations in the quorum sensing systems of Aeromonas hydrophila, Vibrio 
anguillarum and Vibrio harveyi on their virulence and hence to investigate whether 
disruption of bacterial quorum sensing could be a valid strategy in aquaculture to 
combat infections caused by these important pathogens.  
 
 
RESULTS 
FEED LEVEL TEST 
Axenically hatched nauplii of Artemia franciscana were fed a tenfold dilution series of 
autoclaved LVS3 bacteria in order to determine the concentration needed to obtain a 
survival of Artemia of at least 80% after 48 h. The survival of the nauplii was 
proportional to the concentration of LVS3 (Figure 3.2). The desired survival 
percentage was obtained with 107 CFU ml-1. This feed level was used in all further 
experiments. The survival without the addition of LVS3 was 37% ± 1%. 
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FIGURE 3.2. Percentage survival of Artemia after 48 h as a function of the concentration of autoclaved 
LVS3 bacteria, added as a feed source (mean of 4 replicates). Error bars represent the standard error. 
 
CHALLENGE TESTS TO VERIFY THE PATHOGENICITY OF THE AEROMONAS HYDROPHILA, 
VIBRIO ANGUILLARUM AND VIBRIO HARVEYI WILDTYPE STRAINS 
A challenge test with the wildtype Aeromonas hydrophila, Vibrio anguillarum and 
Vibrio harveyi strains was performed since it was not known whether they were 
pathogenic to Artemia or not. Live LVS3 and Vibrio campbellii LMG21363 were used 
as references of a non-pathogenic and a pathogenic strain, respectively. Survival 
with the addition of live LVS3 bacteria was slightly (but not significantly) higher than 
in the controls (Table 3.1). Vibrio campbellii LMG21363, Aeromonas hydrophila AH-
1N, Vibrio anguillarum NB10 and Vibrio harveyi BB120, in contrast, all showed to be 
pathogenic to Artemia since they were able to cause high mortality in the nauplii 48 h 
after addition to the culture water of Artemia.  
Two different feeding regimes were tested: feeding only once at the start of the 
experiment or twice, i.e. at the beginning of the experiment and after 24 h. The 
mortality caused by Vibrio campbellii LMG21363, Aeromonas hydrophila AH-1N and 
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Vibrio anguillarum NB10 was not influenced by the feeding regime. Mortality was 
significant for both feeding regimes although it was slightly higher if Artemia was fed 
only at the beginning of the experiment than if it was fed twice. Vibrio harveyi  BB120, 
in contrast, was significantly less virulent if Artemia was fed twice than if it was fed 
only once. 
 
TABLE 3.1. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with a non-pathogenic strain (LVS3), a known pathogen (Vibrio campbellii LMG21363) and 
3 strains with unknown effect to Artemia. All strains were added at 104 CFU ml-1. Artemia were fed 
autoclaved LVS3 once (1 x feeding) at the beginning of the experiment or twice (2 x feeding); at the 
beginning of the experiment and after 24 h. 
Treatment Experiment 1 Experiment 2 
 1 x feeding 2 x feeding 1 x feeding 2 x feeding 
Control 83 ± 3 89 ± 4 89 ± 2 89 ± 4 
LVS3 95 ± 2 ND 96 ± 1 ND 
Vibrio campbellii LMG21363 4 ± 4 ** 16 ± 5 ** 6 ± 1 ** 16 ± 4 ** 
Aeromonas hydrophila AH-1N 6 ± 5 ** 10 ± 4 ** 13 ± 3 ** 15 ± 3 ** 
Vibrio anguillarum NB10 6 ± 2 ** 9 ± 4 ** 14 ± 4 ** 15 ± 5 ** 
Vibrio harveyi BB120 10 ± 3 ** 64 ± 4 35 ± 2 ** 78 ± 3 
** significant difference in survival between the control and the treatment of interest (P < 0.01) 
ND: Not Determined 
 
CHALLENGE TESTS TO DETERMINE THE IMPACT OF MUTATIONS IN THE QUORUM SENSING 
SYSTEM OF VIBRIO HARVEYI BB120 ON ITS VIRULENCE 
A further series of challenge tests aimed at determining the effect of mutations in the 
dual channel quorum sensing system of Vibrio harveyi on the virulence of the 
bacterium. The Vibrio harveyi quorum sensing system consists of an AHL-mediated 
and a AI-2-mediated channel (see Figure 3.1). Mutations in the AI-2-mediated 
channel, more precisely in the AI-2 synthase gene luxS or the AI-2 receptor gene 
luxP, abolished virulence of Vibrio harveyi as no significant mortality was noticed for 
Artemia challenged to the mutants MM30, BB886, MM77 (Table 3.2). Also the 
mutant JAF548, in which the LuxO protein is fixed in the low cell density state, was 
not virulent. Mutations in the AHL-mediated channel, in contrast, had no effect on the 
virulence of Vibrio harveyi towards Artemia since the mortality caused by the mutants 
BB152 and BB170 was similar to that caused by the wildtype.  
 
RESTORATION OF THE VIRULENCE OF THE VIBRIO HARVEYI LUXS MUTANT STRAIN MM30 
We investigated whether the addition of filtersterilised washwater of Vibrio harveyi 
BB152 (an AHL negative mutant) as an exogenous source of AI-2 could restore the 
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virulence of the AI-2 non-producing mutant MM30. Luminescence of BB152 was 
used as a criterion for the presence of AI-2 in its washwater. We found that the 
BB152 washwater could restore the virulence of Vibrio harveyi MM30 (Table 3.3). 
The washwater itself had no adverse effect on Artemia survival. Washwater of the 
AHL and AI-2 non-producing double mutant MM77 could not restore the virulence of 
MM30 (data not shown). 
 
TABLE 3.2. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with the Vibrio harveyi wildtype and mutants with a mutation in the dual channel quorum 
sensing system. All strains were added at 104 CFU ml-1. Artemia were fed autoclaved LVS3 at the start 
of the experiment. 
Treatment Mutation in Experiment 1 Experiment 2 
Control - 90 ± 5 86 ± 4 
Vibrio harveyi BB120 - 49 ± 4 ** 45 ± 4 ** 
Vibrio harveyi BB152 luxM (AHL synthase) 38 ± 5 ** 41 ± 3 ** 
Vibrio harveyi BB170 luxN (AHL receptor) 46 ± 8 ** 45 ± 5 ** 
Vibrio harveyi MM30 luxS (AI-2 synthase) 81 ± 2 79 ± 2 
Vibrio harveyi BB886 luxP (AI-2 receptor) 89 ± 3 85 ± 3 
Vibrio harveyi MM77 luxM and luxS 79 ± 5 88 ± 6 
Vibrio harveyi JAF548 luxO (AHL and AI-2 
signal transduction) 
76 ± 4 89 ± 4 
**: significant difference in survival between the control and the treatment of interest 
(P < 0.01) 
 
 
TABLE 3.3. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with the Vibrio harveyi AI-2-negative mutant MM30; with and without the addition of 
washwater of strain BB152 (as an exogenous source of AI-2). All strains were added at 104 CFU ml-1. 
Artemia were fed autoclaved LVS3 at the start of the experiment. 
Treatment Experiment 1 Experiment 2 
Control 89 ± 2 95 ± 2 
Washwater BB152 95 ± 2 90 ± 4 
Vibrio harveyi MM30  86 ± 3 85 ± 5 
Vibrio harveyi MM30 + washwater BB152 50 ± 4 ** 59 ± 3 ** 
**: significant difference in survival between the control and the treatment of 
interest  (P < 0.01) 
 
CHALLENGE TESTS TO DETERMINE THE IMPACT OF MUTATIONS IN THE AHL-MEDIATED 
QUORUM SENSING SYSTEM OF AEROMONAS HYDROPHILA AH-1N ON ITS VIRULENCE 
Aeromonas hydrophila contains an AHL-mediated quorum sensing system (see 
Figure 3.1). Mortalities caused by the Aeromonas hydrophila mutants with a 
mutation in this system were not different from that caused by the wildtype (Table 
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3.4), indicating that this quorum sensing system has no impact on virulence of the 
bacterium towards Artemia.  
 
TABLE 3.4. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with the Aeromonas hydrophila wildtype and mutants with a mutation in the AHL-mediated 
quorum sensing system. All strains were added at 104 CFU ml-1. Artemia were fed autoclaved LVS3 at 
the start of the experiment. 
Treatment Mutation in Experiment 1 Experiment 2 
Control - 86 ± 4 94 ± 3 
Aeromonas hydrophila AH-1N - 23 ± 1 ** 66 ± 4 ** 
Aeromonas hydrophila AH-1NahyI-6 ahyI (AHL synthase) 24 ± 5 ** 64 ± 2 ** 
Aeromonas hydrophila AH-1NahyR ahyR (AHL receptor) 26 ± 2 ** 63 ± 3 ** 
**: significant difference in survival between the control and the treatment of interest (P < 0.01) 
 
CHALLENGE TESTS TO DETERMINE THE IMPACT OF MUTATIONS IN THE AHL-MEDIATED AND 
DUAL CHANNEL QUORUM SENSING SYSTEMS OF VIBRIO ANGUILLARUM NB10 ON ITS 
VIRULENCE 
Vibrio anguillarum contains an AHL-mediated as well as a Vibrio harveyi-type multi-
channel quorum sensing system (see Figure 3.1). All Vibrio anguillarum mutants with 
a mutation in one of both systems were able to cause significant mortality in Artemia, 
although there was considerable variation (Table 3.5). Strains DM27 and DM63 did 
not cause significant mortality in the first experiment, whereas they did in the second 
experiment. However, significant mortality in Artemia occurred after 55 h in all cases 
(data not shown). Therefore, none of the Vibrio anguillarum quorum sensing systems 
has an impact on its virulence towards Artemia.  
 
TABLE 3.5. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with Vibrio anguillarum wildtype and mutants in with a mutation in the AHL-mediated 
quorum sensing system or the dual channel quorum sensing system. All strains were added at 104 
CFU ml-1. Artemia were fed autoclaved LVS3 at the start of the experiment. 
Treatment Mutation in Experiment 1 Experiment 2 
Control - 86 ± 4 94 ± 3 
Vibrio anguillarum NB10 - 23 ± 8 ** 48 ± 6 ** 
Vibrio anguillarum DM21 vanI (AHL synthase) 21 ± 4 ** 46 ± 7 ** 
Vibrio anguillarum DM25 vanR (AHL receptor) 24 ± 4 ** 51 ± 4 ** 
Control - 98 ± 1 93 ± 3 
Vibrio anguillarum NB10 - 57 ± 9 ** 30 ± 8 ** 
Vibrio anguillarum DM27 vanM (AHL synthase) 68 ± 5 39 ± 9 ** 
Vibrio anguillarum DM64 vanN (AHL receptor) 62 ± 4 ** 29 ± 6 ** 
Vibrio anguillarum DM63 vanQ (AI-2 receptor) 68 ± 3 23 ± 10 ** 
Vibrio anguillarum AC11 vanO (AHL and AI-2
signal transduction) 
50 ± 4 ** 37 ± 4 ** 
**: significant difference in survival between the control and the treatment of interest (P < 0.01) 
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DISCUSSION 
In this study, a model system using gnotobiotically grown Artemia franciscana was 
developed in order to determine the impact of disrupting the quorum sensing systems 
of aquaculture pathogens on their virulence. Working in the absence of other bacteria 
is important for this type of experiments since they might cause bias. Indeed, AI-2-
mediated signalling was found to be present in many different species (Xavier and 
Bassler, 2003). As far as we know, it is the first time that this type of experiments was 
done in a well defined gnotobiotic environment. To this end, sterile Artemia nauplii, 
obtained via hatching of decapsulated cysts, were cultured in filtered and autoclaved 
artificial seawater and fed dead LVS3 bacteria. The strain LVS3 was selected as a 
feed source since it was shown before to be harmless to Artemia (Verschuere et al., 
1999). The LVS3 bacteria were killed by autoclavation before addition to the Artemia 
cultures in order to eliminate any possible interactions between live LVS3 bacteria 
and the other strains that were added. In a first experiment, we found that a single 
addition of 107 CFU ml-1 of LVS3, corresponding to approximately 0.1 mg dry weight 
of LVS3 per mg dry weight of Artemia, was sufficient to obtain a survival of Artemia of 
more than 80% after 48 h. This feed level was used in all further experiments. 
The quorum sensing systems of Aeromonas hydrophila AH-1N, Vibrio anguillarum 
NB10 and Vibrio harveyi BB120 have been investigated before and quorum sensing 
mutants have been constructed. Therefore, these strains were chosen as 
representatives to study the impact of disrupting the quorum sensing systems of 
Aeromonas hydrophila, Vibrio anguillarum and Vibrio harveyi on their virulence 
towards a higher organism. A first challenge showed that the wildtype strains were 
pathogenic to Artemia as they were able to cause high mortality if they were added in 
a concentration as low as 104 CFU ml-1 to the Artemia culture water. Two different 
feeding regimes were tested in order to get an idea about the virulence of the strains. 
The virulence of Aeromonas hydrophila AH-1N and Vibrio anguillarum NB10 was not 
affected by the feeding regime, whereas Vibrio harveyi BB120 was considerably less 
virulent if Artemia was fed daily than if it was fed only once. A high survival of the 
nauplii (as occurred in the controls if LVS3 was added only once at the beginning of 
the experiment) does not exclude that they are underfed to a certain degree. It would 
mean that Vibrio harveyi BB120 only caused significant mortality if Artemia 
experienced stress due to underfeeding, indicating that the strain is an opportunistic 
pathogen.  
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A further series of challenge tests revealed that mutations in the AI-2-mediated 
channel of the Vibrio harveyi quorum sensing system abolished its virulence, 
whereas mutations in the AHL-mediated channel had no effect. Furthermore, we 
investigated whether an exogenous source of AI-2 could restore the virulence of the 
AI-2 negative mutant MM30. Filtersterilised washwater of a Vibrio harveyi BB152 
culture was chosen as an exogenous source of AI-2 because it was not possible to 
obtain the molecule in a purified form at the moment the tests were performed 
(Bonnie Bassler, personal communication). Luminescence of strain BB152 was used 
as a criterion for the presence of AI-2 in its washwater. The BB152 washwater could 
restore the virulence of Vibrio harveyi MM30. These results indicate that Vibrio 
harveyi can distinguish between AHL and AI-2. According to Henke and Bassler 
(2004c), this can be explained by differences in the relative kinase-to-phosphatase 
ratios of the signal receptors. Interestingly, these relative kinase-to-phosphatase 
ratios of the receptors are apparently different in different environmental conditions. 
Henke and Bassler (2004c) found that the relative signal strength for 
bioluminescence induction was AHL > AI-2 both in liquid medium and on agar plates, 
whereas the AI-2 signal was stronger than the AHL signal under the in vivo 
conditions in our experiments.  
It has been shown before that blocking the AHL-mediated quorum sensing system of 
Aeromonas hydrophila AH-1N with signal molecule analogs decreased exoprotease 
production by the bacterium (Swift et al., 1999). However, we found that mortality of 
Artemia caused by the same Aeromonas hydrophila strain was not different from that 
caused by the mutants with a mutation in the AHL-mediated quorum sensing system 
of the bacterium. These results indicate that a decrease in the expression of a 
virulence factor does not necessarily imply a decreased virulence, emphasizing once 
more the importance of in vivo experiments as performed in this study. 
We found that neither mutations in the AHL-mediated system nor in the dual channel 
system of Vibrio anguillarum NB10 had any effect on its virulence towards Artemia. 
Our data are in accordance with results obtained with rainbow trout (Oncorhynchus 
mykiss) challenged to the same Vibrio anguillarum wildtype and mutant strains as 
used in this study (Milton et al., 1997; Milton et al., 2001; Croxatto et al., 2002). In 
contrast, Rasch et al. (2004) found that quorum sensing antagonistic furanones could 
protect rainbow trout from vibriosis caused by Vibrio anguillarum. A possible 
explanation for the contradiction between these results might be that both quorum 
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sensing systems of Vibrio anguillarum can activate its virulence. Therefore, it would 
be necessary to block both systems in order to decrease virulence of the bacterium, 
which was probably the case in the research of Rasch et al. (2004). Indeed, it has 
been shown before that quorum sensing antagonistic furanones block AHL-mediated 
systems as well as the Vibrio harveyi type dual channel system (Givskov et al., 1996; 
McDougald et al., 2003). Other explanations could be that apart from quorum 
sensing blockade, the furanone has activity towards other pathways in Vibrio 
anguillarum or that it activates the immune system of rainbow trout (Rasch et al., 
2004). 
All together, the results presented in this chapter indicate that disruption of quorum 
sensing could be a good alternative strategy to combat infections caused by Vibrio 
harveyi. Vibrio harveyi is an important pathogen in the intensive rearing of molluscs 
(Pass et al., 1987), finfish (Zhang and Austin, 2000) and especially shrimp 
(Karunasagar et al., 1994). Moreover, several pathogenic Vibrio harveyi strains are 
found to be resistant against antibiotics (Teo et al., 2000; Teo et al., 2002). 
Therefore, disruption of the AI-2-mediated channel of the Vibrio harveyi quorum 
sensing system might prove to be a good additional tool to combat infections caused 
by this pathogen. 
 
 
EXPERIMENTAL PROCEDURES 
BACTERIAL STRAINS AND GROWTH CONDITIONS  
The bacterial strains that were used in this study are described in Table 3.6. All 
bacterial strains were stored in 40% glycerol at -80°C. 10 µl of these stored cultures 
were inoculated into fresh Marine Broth (Difco Laboratories, Detroit, USA) and 
incubated for 24 h at 28°C under constant agitation (100 min-1). Bacterial cell 
numbers were determined by plating dilution series in sterile physiological solution 
(8.5 g NaCl l-1) on Marine Agar (Difco) and incubating for 24 h at 28°C.  
 
AXENIC HATCHING AND CULTURE OF ARTEMIA 
All experiments were performed with high quality hatching cysts of Artemia 
franciscana (EG® Type, batch 6940, INVE Aquaculture, Baasrode, Belgium). 200 mg 
of cysts were hydrated in 18 ml of tap water during 1 h. Sterile cysts and nauplii were 
obtained via decapsulation, adapted from Marques et al. (2004). Briefly, 660 µl of 
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NaOH (32%) and 10 ml of NaOCl (50%) were added to the hydrated cyst 
suspension. The decapsulation was stopped after 2 min by adding 14 ml of Na2S2O3 
(10 g l-1). During the reaction, 0.22 µm filtered aeration was provided.  
 
TABLE 3.6. Bacterial strains used in this study. 
Strain Relevant features Reference 
LVS3 isolate that enhances growth and survival of 
Artemia 
Verschuere et al. 
(1999) 
Aeromonas hydrophila strains 
 AH-1N wildtype from which strains AH-1NahyI-6 
and AH-1NahyR are derived 
Swift et al. (1999) 
 AH-1NahyI-6 mutation in ahyI (AHL synthase that 
produces BHL1) 
Swift et al. (1999) 
 AH-1NahyR mutation in ahyR (AHL receptor that detects 
the AHL produced by AhyI) 
Swift et al. (1999) 
Vibrio anguillarum strains 
 NB10 wildtype from which strains DM21, DM25, 
DM27, DM64, DM63 and AC11 are derived 
Milton et al. (1997) 
 DM21 mutation in vanI (AHL synthase that 
produces ODHL2 and to a lesser extend 
OHL3 and OOHL4) 
Milton et al. (1997) 
 DM25 mutation in vanR (AHL receptor that detects 
the AHLs produced by VanI) 
Milton et al. (1997) 
 DM27 mutation in vanM (AHL synthase that 
produces OHHHL5 and HHL6) 
Milton et al. (2001) 
 DM64 mutation in vanN (AHL receptor that detects 
the AHLs produced by VanM) 
Croxatto et al. (2004) 
 DM63 mutation in vanQ (AI-2 receptor) Croxatto et al. (2004) 
 AC11 mutation in vanO (encoding VanO, a 
protein in the AHL and AI-2 signal 
transduction chain) 
Croxatto et al. (2004) 
Vibrio campbellii strain 
 LMG21363 pathogen for Artemia Soto-Rodriguez et al. 
(2003a) 
Vibrio harveyi strains 
 BB120 wildtype from which strains BB152, BB170, 
MM30, BB886, MM77 and JAF548 are 
derived 
Bassler et al. (1997) 
 BB152 mutation in luxM (AHL synthase that 
produces OHBHL7) 
Bassler et al. (1994) 
 BB170 mutation in luxN (AHL receptor that detects 
the AHL produced by LuxM) 
Bassler et al. (1993) 
 MM30 mutation in luxS (AI-2 synthase) Surette et al. (1999) 
 BB886 mutation in luxP (AI-2 receptor) Bassler et al. (1994) 
 MM77 mutation in luxM and luxS Mok et al. (2003) 
 JAF548 mutation in luxO (encoding LuxO, a protein 
in the AHL and AI-2 signal transduction 
chain) 
Freeman and Bassler 
(1999a) 
1N-butanoyl-L-homoserine lactone; 2N-(3-oxodecanoyl)-L-homoserine lactone; 3N-octanoyl-L-
homoserine lactone; 4N-(3-oxooctanoyl)-L-homoserine lactone; 5N-(3-hydroxyhexanoyl)-L-
homoserine lactone; 6N-hexanoyl-L-homoserine lactone; 7N-(3-hydroxybutanoyl)-L-homoserine 
lactone 
 
The decapsulated cysts were washed with filtered (0.22 µm) and autoclaved artificial 
seawater containing 35 g l-1 of Instant Ocean synthetic sea salt (Aquarium Systems 
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Inc., Sarrebourg, France). The cysts were resuspended in a 50 ml tube containing 30 
ml of filtered and autoclaved artificial seawater and hatched for 24 h on a rotor (4 
min-1) at 28°C with constant illumination (approx. 2000 lux). After hatching, groups of 
20 nauplii were transferred to new sterile 50 ml tubes that contained 30 ml of filtered 
and autoclaved artificial seawater. The nauplii were fed and a bacterial strain of 
interest was added. Finally, the tubes were put back on the rotor and kept at 28°C. 
All manipulations were done under a laminar flow hood in order to maintain sterility of 
the cysts and nauplii. 
 
FEEDING OF ARTEMIA - FEED LEVEL TEST 
Artemia were fed autoclaved LVS3 bacteria, grown in Marine Broth as described 
above. Before autoclaving, LVS3 cells were washed twice with filtered and 
autoclaved artificial seawater. In order to determine the concentration of LVS3 
bacteria needed to obtain a survival of Artemia of at least 80% after 48 h, the Artemia 
nauplii were fed a tenfold dilution series of a LVS3 culture. The final concentration in 
the Artemia culture water was 0, 102, 103, 104, 105, 106 and 107 cells per ml, 
respectively. Each treatment was done in quadruplicate. The survival of Artemia was 
scored 48 h after the addition of LVS3. 
 
CHALLENGE TESTS  
After incubation, bacterial cells were washed twice in filtered and autoclaved artificial 
seawater. The washed cells were stored for 1 day at 4°C prior to addition to Artemia 
cultures, 24 h after the start of Artemia hatching. The bacterial density used in all 
challenge tests was 104 CFU per ml of Artemia culture water. Autoclaved LVS3 
bacteria were added once at the start of the challenge test (unless otherwise stated). 
Artemia cultures to which only autoclaved LVS3 bacteria were added were used as 
controls. The survival of Artemia was scored 48 h after the addition of the strains. 
Each treatment was done in quadruplicate and each experiment was repeated twice. 
The aim of repeating each experiment twice (and of reporting both results) is to 
investigate whether (and to demonstrate that) differences between different 
treatments are reproducible, although the absolute values might be different due to 
the fact that each repeat was done with a different batch of nauplii. 
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METHODS USED TO VERIFY AXENICITY 
In each test, the sterility of the feed and the control treatments (to which no live 
bacteria were added) were checked at the end of the challenge by mixing 1 ml of the 
feed suspension or Artemia culture water with 9 ml of fresh Marine Broth in a test 
tube and incubating the mixture for 2 days at 28°C. If a control tube would have been 
found to be contaminated (as manifested by increased turbidity of the Marine Broth), 
the data form the corresponding experiment would not have been considered and the 
experiment would have been repeated. 
 
PREPARATION OF WASHWATER OF VIBRIO HARVEYI STRAIN BB152 
Vibrio harveyi BB152 was grown as described above. After incubation, the culture 
was centrifuged for 10 min at 2000 g and the cells were resuspended in filtered and 
autoclaved artificial seawater. The cells were centrifuged once more after 15 min of 
incubation and the supernatant was filtersterilised over 0.22 µm Millipore filters 
(Millipore, Bedford, USA). 3 ml of the washwater was added to 27 ml of Artemia 
culture water. 
 
STATISTICS 
For each experiment, the mean survival for each treatment was compared to the 
mean survival in the control by an independent samples t-test, using the SPSS 
software, version 12.0. Mortality caused by a strain was considered significant if the 
p- value of the t-test was below 0.01. 
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QUORUM SENSING-DISRUPTING BROMINATED FURANONES 
PROTECT GNOTOBIOTIC ARTEMIA FRANCISCANA FROM 
PATHOGENIC VIBRIO HARVEYI, VIBRIO CAMPBELLII AND VIBRIO 
PARAHAEMOLYTICUS 1
 
SUMMARY 
Vibrio harveyi and the closely related species Vibrio campbellii and Vibrio 
parahaemolyticus are important pathogens in aquaculture. Infections caused by 
these pathogens are often hard to treat since the traditional control with antibiotics 
has lead to antibiotic resistance. We previously showed that the virulence of Vibrio 
harveyi towards the brine shrimp Artemia franciscana is regulated by Autoinducer 2 
quorum sensing. In this study, several different pathogenic Vibrio harveyi, Vibrio 
campbellii and Vibrio parahaemolyticus isolates were shown to produce 
Autoinducer 2. Furthermore, the quorum sensing-disrupting natural furanone (5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone was found to block Autoinducer 2 
quorum sensing in Vibrio harveyi in a concentration-dependent way. In vivo 
challenge tests with gnotobiotic Artemia revealed that the natural furanone and a 
synthetic derivative, the furanone (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone, 
protected the nauplii from the pathogenic isolates, whereas growth of the pathogens 
was not affected. Unfortunately, the compounds also showed to be toxic to Artemia 
since significant mortality was noticed at concentrations that are slightly higher than 
the concentration needed to disrupt the quorum sensing system of the vibrios.  
 
                                            
1 Parts of this chapter have been published in Defoirdt, T., Crab, R., Wood, T.K., Sorgeloos, P., 
Verstraete, W., and Bossier, P. (2006). Quorum sensing-disrupting brominated furanones protect the 
gnotobiotic brine shrimp Artemia franciscana from pathogenic Vibrio harveyi, Vibrio campbellii and 
Vibrio parahaemolyticus isolates. Applied and Environmental Microbiology 72: 6419-6423. 
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INTRODUCTION 
Bacteria belonging to the species Vibrio harveyi and the closely related Vibrio 
campbellii and Vibrio parahaemolyticus are important pathogens in the intensive 
rearing of molluscs, finfish and shrimp (Pass et al., 1987; Karunasagar et al., 1994; 
Alvarez et al., 1998; Roque et al., 1998; Zhang and Austin, 2000; Lavilla-Pitogo et al., 
2001). The traditional control of pathogenic bacteria in aquaculture relies on the use 
of antibiotics (Subasinghe et al., 2001). However, the frequent use of these 
compounds, in many cases even when pathogens are not evident, has lead to the 
development and spread of resistance (Karunasagar et al., 1994; Moriarty, 1998; Teo 
et al., 2000; Teo et al., 2002). Therefore, there is an urgent need for alternative 
control techniques. Disruption of quorum sensing, bacterial cell-to-cell 
communication by means of small signal molecules, has been suggested as a new 
anti-infective strategy for aquaculture (see Chapter 2). 
Unlike most other Gram-negative bacteria, Vibrio harveyi was found to use a multi-
channel quorum sensing system. The first channel of this system is mediated by the 
Harveyi Autoinducer 1 (HAI-1), an acylated homoserine lactone (AHL) (Cao and 
Meighen, 1989). The second channel is mediated by the so-called Autoinducer 2 (AI-
2), which is a furanosyl borate diester (Chen et al., 2002). The chemical structure of 
the third autoinducer, called Cholerae Autoinducer 1 (CAI-1) is still unknown (Henke 
and Bassler, 2004c). All three autoinducers are detected at the cell surface and 
activate or inactivate target gene expression by a phosphorylation/dephosphorylation 
signal transduction cascade. Phenotypes that were found to be controlled by this 
quorum sensing system include bioluminescence (Bassler et al., 1993) and the 
production of several virulence factors such as a type III secretion system (Henke 
and Bassler, 2004b), extracellular toxin (Manefield et al., 2000) and a siderophore 
(Lilley and Bassler, 2000). Recently, we found that the AI-2 mediated channel of the 
Vibrio harveyi quorum sensing system regulates virulence of the bacterium towards 
the brine shrimp Artemia franciscana in vivo (see Chapter 3). 
As quorum sensing-mediated processes are often involved in the interaction with 
plant and animal hosts, it might not be surprising that these higher organisms have 
evolved mechanisms to disrupt quorum sensing. One of these mechanisms is the 
production of halogenated furanones by the red marine alga Delisea pulchra 
(Givskov et al., 1996) (Figure 4.1). Several analogues of these halogenated 
furanones have been synthesised, with the furanone (5Z)-4-bromo-5-
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(bromomethylene)-2(5H)-furanone being the most active compound reported thus far 
(Hentzer et al., 2003). Halogenated furanones were found to disrupt the expression 
of several different AHL- and AI-2-regulated phenotypes in Gram-negative bacteria, 
without affecting growth (Ren et al., 2001; Hentzer and Givskov, 2003; Ren et al., 
2004). Interestingly, quorum sensing-regulated extracellular toxin production in Vibrio 
harveyi was also found to be blocked by these compounds, resulting in a reduced 
toxicity of cell-free culture fluids to Penaeus shrimp (Manefield et al., 2000). 
However, no in vivo experiments have been reported on the impact of halogenated 
furanones on the virulence of Vibrio harveyi and closely related bacteria thus far.  
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Natural furanone 
 
Synthetic furanone 
FIGURE 4.1. Structure of the natural and synthetic furanone used in this study. 
 
In this study, we aimed at detecting AI-2 production by several pathogenic isolates 
belonging to the species Vibrio harveyi, Vibrio campbellii and Vibrio 
parahaemolyticus and at investigating whether quorum sensing-disrupting furanones 
could reduce the virulence of these isolates in vivo in our model system with 
gnotobiotic Artemia franciscana.  
 
 
RESULTS 
DETECTION OF AI-2 IN CELL-FREE CULTURE SUPERNATANTS OF THE ISOLATES 
In a first experiment, we aimed at detecting AI-2 production by several different 
pathogenic Vibrio harveyi, Vibrio campbellii and Vibrio parahaemolyticus isolates. In 
order to detect autoinducers in cell-free culture fluids from the isolates, we used a 
bioluminescent reporter assay using autoinducer receptor double mutant JMH597 
(sensor HAI-1-, sensor AI-2+, sensor CAI-1-) as reporter strain. The culture fluids of 
all isolates significantly induced bioluminescence in the reporter strain (Table 4.1), 
indicating that all isolates produce AI-2.  
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TABLE 4.1. Induction of bioluminescence in the Vibrio harveyi reporter strain JMH597 (sensor HAI-1-, 
sensor AI-2+, sensor CAI-1-) by cell-free culture fluids from the Vibrio campbellii, Vibrio harveyi and 
Vibrio parahaemolyticus isolates (mean ± standard deviation of three replicates). Cell-free culture 
fluids from Vibrio harveyi BB120 were used as a positive control; the level of BB120 stimulation was 
set at 100% and the other samples were normalised accordingly. 
Strain Induction of bioluminescence in 
reporter (%) 
Vibrio campbellii isolates 
 LMG21361 49 ± 4 ** 
 LMG21362 115 ± 15 ** 
 LMG21363 68 ± 5 ** 
 LMG22888 98 ± 9 ** 
 LMG22889 98 ± 4 ** 
 LMG22890 58 ± 9 ** 
 LMG22895 54 ± 8 ** 
Vibrio harveyi isolates 
 LMG22891 83 ± 8 ** 
 LMG22893 77 ± 8 ** 
 LMG22894 112 ± 20 ** 
Vibrio parahaemolyticus isolate 
 CAIM170 27 ± 8 * 
Controls 
 BB120 100 ± 13 ** 
 Medium 2 ± 1 
*: Significantly different from bioluminescence of the same reporter
induced by medium (P < 0.05) 
**: Significantly different from bioluminescence of the same reporter
induced by medium (P < 0.01) 
 
PCR AMPLIFICATION OF LUXS GENE FRAGMENTS IN VIBRIO CAMPBELLII 
Since AI-2 quorum sensing was not yet reported before in Vibrio campbellii, we also 
performed PCR reactions with primers specific for the Vibrio harveyi luxS gene on 
DNA extracts of Vibrio campbellii LMG21363. The 3 PCR reactions aimed at 
amplifying 2 short fragments in the 5’ and 3’ region of the luxS gene and a longer 
fragment comprising both short fragments and the sequence in between. All three 
fragments with the expected lengths could be amplified for DNA extracts of Vibrio 
campbellii LMG21363 (Figure 4.2). 
 
THE IMPACT OF THE NATURAL FURANONE (5Z)-4-BROMO-5-(BROMOMETHYLENE)-3-BUTYL-
2(5H)-FURANONE ON AI-2-REGULATED BIOLUMINESCENCE OF VIBRIO HARVEYI  
We determined the impact of the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone on the bioluminescence of the Vibrio 
harveyi receptor double mutant JMH597 (sensor HAI-1-, sensor AI-2+, sensor CAI-1-) 
as a representative of AI-2-regulated phenotypes and found that the furanone 
blocked bioluminescence in a concentration-dependent way (Figure 4.3).  
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← 352 bp 
← 151 bp 
 Vh  Vc  Vc  B   Vh Vc  Vc   B  Vh  Vc Vc   B    L 
← 101 bp 
FIGURE 4.2. Agarose gel electrophoresis of PCR amplified luxS gene fragments. Lanes 1 to 4: reaction 
1 (with primers luxSF1 and luxSR1); lanes 5 to 8: reaction 2 (with primers luxSF2 and luxSR2); lanes 
9 to 12: reaction 3 (with primers luxSF2 and luxSR1). Vh: Vibrio harveyi BB120; Vc: Vibrio campbellii 
LMG21363; B: negative control (no DNA); L: 100 bp ladder. 
 
 FIGURE 4.3. Bioluminescence of the Vibrio harveyi reporter strain JMH597 (sensor HAI-1-, sensor AI-
2+, sensor CAI-1-) as a function of the concentration of the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone and the synthetic furanone (5Z)-4-bromo-5-
(bromomethylene)-2(5H)-furanone. The luminescence without the addition of furanone was set at 
100% (white bar) and the other samples were normalised accordingly. The error bars represent the 
standard deviation of three replicates. 
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THE IMPACT OF THE NATURAL FURANONE ON VIRULENCE OF THE VIBRIOS TOWARDS 
GNOTOBIOTIC ARTEMIA  
In a first challenge test with gnotobiotic Artemia, we aimed at determining the best 
dosage of the natural furanone and therefore, we investigated the impact of the 
furanone, added in different concentrations (5, 10, 20 and 50 mg l-1), on the virulence 
of the opportunistic strain Vibrio harveyi BB120 and the virulent strain Vibrio 
campbellii LMG21363. The survival of Artemia was proportional to the concentration 
of furanone for the lower concentrations (5 to 20 mg l-1), whereas high mortality was 
noted after treatment with 50 mg l-1 of furanone (Figure 4.4). For both pathogens, the 
furanone significantly enhanced survival of the nauplii when added at 20 mg l-1 
(P < 0.05). The protection was complete for Vibrio harveyi BB120 (no significant 
difference in survival with unchallenged nauplii), whereas significant mortality still 
occurred in furanone treated nauplii challenged to the more virulent Vibrio campbellii 
LMG21363 (P < 0.01). 
In further challenges, we investigated whether the furanone, at 20 mg l-1, could offer 
some protection against the different pathogenic isolates. The furanone significantly 
reduced mortality in Artemia for all isolates except for LMG22889, where differences 
were not significant (Table 4.2). The protection was complete for all Vibrio harveyi 
strains and the Vibrio parahaemolyticus strain, whereas for Vibrio campbellii 
LMG21361, LMG22888 and LMG22889 there was still significant mortality in 
furanone treated Artemia (P < 0.05) in the first repeat and for strain LMG21363 there 
was still significant mortality in furanone treated Artemia in both experiments 
(P < 0.05). 
 
THE IMPACT OF THE NATURAL FURANONE ON GROWTH OF VIBRIO HARVEYI AND VIBRIO 
CAMPBELLII 
We investigated whether 50 mg l-1 of the natural furanone had an effect on growth of 
Vibrio harveyi BB120 and Vibrio campbellii LMG21363 in Marine Broth. The furanone 
did not inhibit growth of the strains in vitro (data not shown). We also plated a tenfold 
dilution series of the Artemia culture water after an in vivo challenge test and found 
that there was no significant difference in bacterial counts between tubes treated with 
20 mg l-1 of furanone and untreated ones (Table 4.3).  
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FIGURE 4.4. Percentage survival of Artemia after 48 h challenge with Vibrio harveyi BB120 and Vibrio 
campbellii LMG21363, with and without the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-
butyl-2(5H)-furanone. The error bars represent the standard error of three replicates. The survival of 
unchallenged nauplii was 83% ± 3%. 
*: Significantly different from the treatment with the same pathogen and without furanone (P < 0.05) 
**: Significantly different from the treatment with the same pathogen and without furanone (P < 0.01) 
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TABLE 4.2. Percentage survival of Artemia (mean ± standard error of three replicates) after 48 h 
challenge with different Vibrio campbellii, Vibrio harveyi and Vibrio parahaemolyticus isolates, with and 
without the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone (20 mg/l). 
Treatment Experiment 1 Experiment 2 
 - Furanone + Furanone - Furanone + Furanone 
Vibrio campbellii isolatesa
 LMG21361 43 ± 4 62 ± 4 * 43 ± 3 80 ± 3 ** 
 LMG21362 32 ± 4 75 ± 3 ** 38 ± 3 72 ± 4 ** 
 LMG21363 18 ± 4 58 ± 4 ** 12 ± 4 55 ± 5 ** 
 LMG22888 48 ± 4 63 ± 2 * 48 ± 6 77 ± 6 * 
 LMG22889 50 ± 3 63 ± 4 48 ± 4 62 ± 6 
 LMG22890 38 ± 3 67 ± 4 ** 45 ± 6 70 ± 5 * 
 LMG22895 52 ± 6 73 ± 4 * 50 ± 5 83 ± 2 ** 
Vibrio harveyi isolatesb
 BB120 52 ± 4 87 ± 3 ** 60 ± 3 78 ± 2 ** 
 LMG22891 62 ± 4 83 ± 3 * 53 ± 6 73 ± 2 * 
 LMG22893 55 ± 3 78 ± 2 ** 57 ± 3 75 ± 3 * 
 LMG22894 48 ± 4 75 ± 5 * 43 ± 4 72 ± 6 * 
Vibrio parahaemolyticus isolatec
 CAIM170 55 ± 6 82 ± 4 * 57 ± 2 78 ± 4 * 
* Significantly different from treatment with the same pathogen and without furanone (P < 0.05) 
** Significantly different from treatment with the same pathogen and without furanone (P < 0.01) 
aSurvival of unchallenged nauplii was 85% ± 3% in the first experiment and 75% ± 3% in the
second experiment 
bSurvival of unchallenged nauplii was 77  ± 2% in the first experiment and 83% ± 3% in the second
experiment 
cSurvival of unchallenged nauplii was 85% ± 5% in the first experiment and 83% ± 6% in the 
second experiment 
 
TABLE 4.3. Concentration of Vibrio harveyi BB120 and Vibrio campbellii LMG21363 in the Artemia 
culture water (mean ± standard deviation) after 48 h challenge with and without the natural furanone 
(5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone (20 mg l-1). 
Treatment Plate counts 
(x 106 CFU/ml) 
Vibrio harveyi BB120 2.3 ± 0.6 
Vibrio harveyi BB120 + furanone 2.0 ± 0.2 
Vibrio campbellii LMG21363 2.5 ± 0.4 
Vibrio campbellii LMG21363 + furanone 2.0 ± 0.4 
 
THE IMPACT OF THE SYNTHETIC FURANONE (5Z)-4-BROMO-5-(BROMOMETHYLENE)-2(5H)-
FURANONE ON BIOLUMINESCENCE AND VIRULENCE OF VIBRIO HARVEYI   
A further series of experiments aimed at investigating the quorum sensing-disrupting 
potential of the synthetic furanone (5Z)-4-bromo-5-(bromomethylene)-2(5H)-
furanone, which as far as we know is the compound with the highest activity reported 
to date. The compound did not have a higher activity towards the Vibrio harveyi 
quorum sensing system in vitro since it blocked bioluminescence at similar 
concentrations as did the natural furanone (Figure 4.3).  
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Finally, the impact of the synthetic furanone, added in different concentrations (5, 10 
and 20 mg l-1), on the virulence of Vibrio harveyi BB120 and Vibrio campbellii 
LMG21363 towards gnotobiotic Artemia was investigated. The compound completely 
protected the Artemia nauplii from Vibrio harveyi BB120 at 5 mg l-1, whereas a 
concentration of 20 mg l-1 was needed to obtain a protection from the virulent Vibrio 
campbellii strain (Figure 4.6). As was the case for the natural furanone, the 
protection against the virulent strain was not complete since significant mortality still 
occurred in furanone treated nauplii (P < 0.01).  
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FIGURE 4.6. Percentage survival of Artemia after 48 h challenge with Vibrio harveyi BB120 and Vibrio 
campbellii LMG21363, with and without the synthetic furanone (5Z)-4-bromo-5-(bromomethylene)-
2(5H)-furanone. The error bars represent the standard error of three replicates. The survival of 
unchallenged nauplii was 85% ± 3%. 
**: Significantly different from the treatment with the same pathogen and without furanone (P < 0.01) 
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DISCUSSION 
In this study, we aimed at detecting AI-2 production by several pathogenic Vibrio 
campbellii, Vibrio harveyi and Vibrio parahaemolyticus isolates and at investigating 
whether quorum sensing-disrupting furanones could reduce the virulence of these 
isolates towards gnotobiotic Artemia nauplii. In a first experiment, we aimed at 
detecting AI-2 in cell-free culture fluids from the Vibrio campbellii, Vibrio harveyi and 
Vibrio parahaemolyticus isolates. So far, the HAI-1 receptor mutant BB170 is usually 
used as reporter for AI-2 detection in literature (e.g. Bassler et al., 1997; Surette and 
Bassler., 1998; Frias et al., 2001; McNab et al., 2003; Carter et al., 2005). However, 
this strain is not specific for AI-2 since it is still responsive to both AI-2 and CAI-1 and 
therefore, we used the HAI-1 and CAI-1 receptor double mutant as reporter strain. 
The culture fluids of all isolates significantly induced bioluminescence in the reporter 
strain, indicating that they all produced AI-2. The detection of AI-2 in cell-free culture 
supernatants of Vibrio harveyi and Vibrio parahaemolyticus confirms the report of  
Bassler et al. (1997), using BB170 as reporter strain. To the best of our knowledge, 
this is the first report mentioning AI-2 production by Vibrio campbellii. Since AI-2 
quorum sensing was not yet reported before in Vibrio campbellii, we also performed 
PCR reactions with primers specific for the Vibrio harveyi luxS gene on DNA extracts 
of Vibrio campbellii LMG21363. All three fragments with the expected lengths could 
be amplified, confirming AI-2 quorum sensing in this species.  
A second in vitro experiment aimed at determining the active AI-2 quorum sensing-
disrupting concentration of the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-
butyl-2(5H)-furanone, using bioluminescence as a representative of other quorum 
sensing-regulated genes. The furanone blocked bioluminescence in the autoinducer 
receptor double mutant JMH597, which is only responsive to AI-2. Importantly, 
halogenated furanones were shown before not to block bioluminescence in a 
constitutive system (Givskov et al., 1996), indicating that the biochemical function of 
the Lux proteins is not affected. Our data confirm the report by Ren et al. (2001), who 
determined the impact of the furanone on AI-2 quorum sensing by using a single 
mutant with a mutation in the HAI-1 receptor protein (which thus is still responsive to 
both AI-2 and CAI-1).  
We previously showed that the virulence of Vibrio harveyi BB120 towards Artemia is 
regulated by the AI-2-mediated channel of its quorum sensing system (see Chapter 
3), which we showed here to be blocked by the natural furanone (5Z)-4-bromo-5-
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(bromomethylene)-3-butyl-2(5H)-furanone. Consequently, we investigated whether 
the natural furanone could protect gnotobiotic Artemia from pathogenic Vibrio 
campbellii, Vibrio harveyi and Vibrio parahaemolyticus in in vivo challenge tests. The 
furanone significantly reduced mortality in Artemia challenged to the pathogenic 
Vibrio campbellii (except for LMG22889 where differences were not significant), 
Vibrio harveyi and Vibrio parahaemolyticus isolates. The level of protection seemed 
to be strain-dependent since it was complete (no significant mortality in furanone-
treated Artemia) for some Vibrio campbellii strains, for all Vibrio harveyi strains and 
for the Vibrio parahaemolyticus strain, whereas for Vibrio campbellii LMG21361, 
LMG21363, LMG22888 and LMG22889, there was still significant mortality in 
furanone-treated Artemia in one or both of the experiments.  
There was no effect of the natural furanone on growth of Vibrio harveyi BB120 and 
Vibrio campbellii LMG21363 in vitro as well as in vivo, indicating that the protection 
offered by the natural furanone was not due to growth inhibition of the pathogens. We 
used plate counts of the Artemia culture water as an indicator of growth of the 
pathogens in vivo since it was not feasible to determine bacterial concentration in/on 
infected Artemia. These data are in accordance with those reported by Manefield et 
al. (2000), who showed that there was no effect on growth of Vibrio harveyi strain 
47666-1 for concentrations up to 200 µM (≈ 62 mg/l) of the same furanone 
compound.  
We also tested the quorum sensing-disrupting potential of the synthetic furanone 
(5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone, which as far as we know is the 
compound with the highest activity reported to date. Unfortunately, the compound did 
not have a higher activity towards the Vibrio harveyi quorum sensing system than the 
natural furanone in vitro as well as in vivo. The concentration needed to disrupt the 
Vibrio harveyi quorum sensing system is in the same order as in the report by 
Hentzer et al. (2003), who mentioned a partial or complete suppression of the 
production of virulence factors in Pseudomonas aeruginosa in the presence of 2.5 
mg l-1 of the synthetic furanone. Rasch et al. (2004), in contrast, found that the 
compound had a much higher activity towards the quorum sensing system of Vibrio 
anguillarum since it protected rainbow trout (Oncorhynchus mykiss) from vibriosis at 
0.01 and 0.1 µM (≈ 2.5 and 25 µg l-1). However, these authors mentioned that the 
effect they observed might have been due to interaction of the furanone with the fish 
host rather than the Vibrio anguillarum quorum sensing system. The fact that the 
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furanones protected the Artemia nauplii from the pathogenic isolates in our in vivo 
tests at concentrations similar to those needed to block quorum sensing-regulated 
bioluminescence in Vibrio harveyi in vitro indicates that the effect we observed was 
probably due to quorum sensing disruption rather than interaction with the shrimp, 
although we cannot exclude the latter possibility. 
In conclusion, the results presented in this chapter indicate that quorum sensing-
disrupting furanones could be useful to treat infections caused by Vibrio harveyi and 
related species. However, compounds with lower toxicity towards the cultured 
organisms are desirable since the compounds tested were detrimental to Artemia at 
concentrations that are slightly higher than the concentration needed to disrupt the 
quorum sensing system of the vibrios. 
 
 
EXPERIMENTAL PROCEDURES 
BACTERIAL STRAINS AND GROWTH CONDITIONS  
The bacterial strains that were used in this study are described in Table 4.4. The 
pathogenic isolates were obtained from the BCCM/LMG Bacterium Collection 
(Ghent, Belgium). All isolates have been molecularly characterised (Gomez-Gil et al., 
2004; Bruno Gomez-Gil, personal communication). Isolate LMG21363 is heavily 
luminescent; LMG21361, LMG22888, LMG22889 and LMG22890 are weakly 
luminescent and the other isolates are dark (as assessed visually). All bacterial 
strains were stored in 40% glycerol at -80°C. 10 µl of these stored cultures were 
inoculated into fresh Marine Broth (Difco Laboratories, Detroit, USA) and incubated 
for 24 h at 28°C under constant agitation.  
 
PREPARATION OF CELL-FREE CULTURE FLUIDS 
Strains were grown to late exponential phase (corresponding to an OD600 of 
approximately 1). Cell-free culture fluids were prepared by removing the cells from 
the growth medium by centrifugation at 10 000 rpm for 5 min in a microcentrifuge. 
The cleared fluids were passed through 0.22 µm Millipore filters (Millipore, Bedford, 
USA) and stored at -20°C. 
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TABLE 4.4. Bacterial strains used in this study. LMG: Laboratory of Microbiology collection (Ghent 
University, Belgium); CAIM: Collection of Aquacultural Important Micro-organisms (CIAD/Mazatlán 
Unit for Aquaculture, Mazatlán, Mexico) 
Strain Relevant features and/or synonyms Reference or source 
LVS3 isolate that enhances growth and survival of 
Artemia 
Verschuere et al. (1999) 
Vibrio campbellii isolates 
 LMG21361 = CAIM415 = Z1; isolated from sea water 
from shrimp (Litopenaeus spp.) broodstock 
tank, Mexico 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
 LMG21362 = CAIM333 = M1; isolated from sea water 
from shrimp (Litopenaeus spp.) broodstock 
tank, Mexico 
 LMG21363 = CAIM372 = PN9801; isolated from the 
lymphoid organ of diseased shrimp 
(Penaeus spp.) juveniles, Philippines 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
 LMG22888 = CAIM416 = Z2; isolated from sea water 
from shrimp (Litopenaeus spp.) broodstock 
tank, Mexico 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
 LMG22889 = CAIM417 = Z3; isolated from sea water 
from shrimp (Litopenaeus spp.) broodstock 
tank, Mexico 
Soto- Rodriguez et al. (2003a); 
Gomez-Gil et al. (2004) 
 LMG22890 = CAIM395 = STD3-131; isolated from 
diseased shrimp (Litopenaeus spp.) 
postlarvae, Ecuador 
 LMG22895 = CAIM223; isolated from the 
hepathopancreas of diseased shrimp 
(Litopenaeus spp.), Mexico 
Bruno Gomez-Gil 
Vibrio harveyi isolates 
Bruno Gomez-Gil  LMG22891 = CAIM88; isolated from the hemolymph of 
shrimp (Litopenaeus spp.), Mexico 
Bruno Gomez-Gil  LMG22893 = CAIM148; isolated from the hemolymph 
of diseased shrimp (Penaeus spp.), Mexico 
Bruno Gomez-Gil  LMG22894 = CAIM151; isolated from the hemolymph 
of diseased shrimp (Penaeus spp.), Mexico 
Vibrio parahaemolyticus isolate 
Bruno Gomez-Gil  CAIM170 isolated from the hemolymph of diseased 
shrimp (Penaeus spp.), Mexico 
Vibrio harveyi BB120 and mutant 
 BB120 wildtype from which strain JMH597 is 
derived 
Bassler et al. (1997) 
 JMH597 luxN::Tn5 cqsS:: CmR Henke and Bassler (2004c) 
 
DETECTION OF AI-2 
Cell-free culture fluids of the strains were tested for the presence of AI-2 by an assay 
slightly modified from Surette and Bassler (1998) using the double mutant JMH597 
(sensor HAI-1-, sensor AI-2+, sensor CAI-1-) as reporter. The reporter strain was 
grown at 28°C with shaking in Marine Broth to an OD600 of approximately 1 and 
diluted 1/5000 in fresh medium. 50 µl of the diluted reporter culture were mixed with 
50 µl cell-free culture fluids in 3 ml test tubes. Cell-free culture fluids of Vibrio harveyi 
BB120 were used as a positive control; fresh medium was used as a negative 
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control. The test tubes were incubated at 28°C and luminescence was measured 
every hour with a Lumac Biocounter M2500 luminometer (Lumac b.v., Landgraaf, 
The Netherlands) until the luminescence with fresh medium was minimal (after 4 h). 
 
PCR AMPLIFICATION OF LUXS GENE FRAGMENTS 
Two forward and two reverse primers were designed based on the Vibrio harveyi 
luxS gene sequence using the Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA, USA). The primer sequences are shown in Table 4.5. The 
combinations of the primer sequences were blasted against GenBank to verify their 
specificity. DNA was extracted by boiling pure cultures, washed in sterile DNAse free 
water (Sigma-Aldrich, Steinheim, Germany), for 10 min. PCR master mix was 
prepared as described previously (Seurinck et al., 2005). Three different reactions 
were performed: reaction 1 with primers luxSF1 and luxSR1, reaction 2 with primers 
luxSF2 and luxSR2 and reaction 3 with primers luxSF2 and luxSR1. The expected 
fragment lengths were 101, 151 and 352 bp for reactions 1, 2 and 3, respectively. 
The PCR was initiated with 4 min at 94°C, followed by 30 cycles of 30 s at 94°C, 
1 min at 58°C and 2 min at 72°C. The final cycle was followed by an additional 
10 min at 72°C. DNA extracts of Vibrio harveyi BB120 were used as a positive 
control and sterile distilled water as a negative control. 
 
TABLE 4.5. Primers used in this study to amplify luxS gene fragments. 
Primer Sequence 
luxSF1 5’ AAGTGGCTGACGCTTGGATT 3’ 
luxSR1 5’ CGCTGCTGTACCACATTGGT 3’ 
luxSF2 5’ AATGCACCAGCGGTTCGT 3’ 
luxSR2 5’ GCATAAAGCCTGCGTACAAATG 3’ 
 
FURANONE PREPARATION 
The natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone and 
the synthetic compound (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone 
(Figure 4.1) were synthesised as described previously (Ren and Wood, 2004). The 
natural furanone was dissolved and diluted in pure ethanol and the synthetic 
compound in methanol. Both furanones were stored at -20°C. 
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THE IMPACT OF THE FURANONES ON AI-2-REGULATED BIOLUMINESCENCE OF VIBRIO 
HARVEYI  
The Vibrio harveyi double mutant JMH597 was grown in Marine Broth to an OD600 of 
approximately 1 and further diluted 1/5000 in fresh medium. 50 µl aliquots were 
mixed with 50 µl fresh medium in 3 ml test tubes. The furanones were added at 
different concentrations (0, 1, 10 and 100 mg l-1), after which the test tubes were 
incubated at 28°C for 30 min. The luminescence of the reporter strain was measured 
with a Lumac Biocounter M2500 luminometer. 
 
AXENIC HATCHING OF ARTEMIA 
All experiments were performed with high quality hatching cysts of Artemia 
franciscana (EG® Type, batch 6940, INVE Aquaculture, Baasrode, Belgium). 200 mg 
of cysts were hydrated in 18 ml of tap water during 1 h. Sterile cysts and nauplii were 
obtained via decapsulation, adapted from Marques et al. (2004). Briefly, 660 µl of 
NaOH (32%) and 10 ml of NaOCl (50%) were added to the hydrated cyst 
suspension. The decapsulation was stopped after 2 min by adding 14 ml of Na2S2O3 
(10 g/l). During the reaction, 0.22 µm filtered aeration was provided. The 
decapsulated cysts were washed with filtered (0.22 µm) and autoclaved artificial 
seawater containing 35 g l-1 of Instant Ocean synthetic sea salt (Aquarium Systems 
Inc., Sarrebourg, France). The cysts were resuspended in a 50 ml tube containing 30 
ml of filtered and autoclaved artificial seawater and hatched for 30 h on a rotor (4 
rotations/min) at 28°C with constant illumination (approximately 2000 lux).  
 
CHALLENGE TESTS 
Challenge tests were performed as described in Chapter 3, with slight modifications. 
Briefly, after hatching, groups of 20 nauplii were transferred to new sterile 50 ml 
tubes that contained 20 ml of 0,22 µm filtered and autoclaved artificial seawater. The 
pathogens were washed in filtered and autoclaved artificial seawater after incubation 
and added to the Artemia culture water at a concentration of approximately 105 CFU 
ml-1. A suspension of autoclaved LVS3 bacteria in filtered and autoclaved artificial 
seawater was added as feed in a concentration of approximately 107 CFU ml-1 
culture water. After the addition of furanones (or an appropriate volume of solvent), 
the falcon tubes were put back on the rotor and kept at 28°C. Artemia cultures to 
which only autoclaved LVS3 bacteria were added were used as controls. The 
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survival of Artemia was scored 48 h after the addition of the strains. All manipulations 
were done under a laminar flow hood in order to maintain sterility of the cysts and 
nauplii. Each treatment was done in triplicate and each experiment was repeated 
twice.  
 
STATISTICS 
Independent samples t-tests and were performed using the SPSS software, version 
12.0.  
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BROMINATED FURANONES DISRUPT QUORUM SENSING-
REGULATED GENE EXPRESSION IN VIBRIO HARVEYI BY 
DECREASING THE DNA-BINDING ACTIVITY OF THE RESPONSE 
REGULATOR PROTEIN LUXR1
 
SUMMARY 
This study aimed at getting a deeper insight in the molecular mechanism by which 
the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 
disrupts quorum sensing in Vibrio harveyi. Bioluminescence experiments with signal 
molecule receptor double mutants revealed that the furanone blocks all three 
channels of the V. harveyi quorum sensing system. In further experiments using 
mutants with mutations in the quorum sensing signal transduction pathway, the 
compound was found to block quorum sensing-regulated bioluminescence by 
interacting with a component located downstream of the Hfq protein. Furthermore, 
reverse transcriptase realtime PCR with specific primers showed that there was no 
effect of the furanone on luxRVh mRNA levels in wild type V. harveyi cells. In contrast, 
mobility shift assays showed that in the presence of the furanone, significantly lower 
levels of the LuxRVh response regulator protein were able to bind to its target 
promoter sequences in wild type V. harveyi. Finally, tests with purified LuxRVh protein 
also showed less shifts with furanone-treated LuxRVh, whereas the LuxRVh 
concentration was found not to be altered by the furanone (as determined by SDS-
PAGE).  
 
                                            
1 Redrafted after Defoirdt, T., Miyamoto, C., Wood, T.K., Meighen, E.A., Sorgeloos, P., Verstraete, W., 
and Bossier, P. (2007). Brominated furanones disrupt quorum sensing-regulated gene expression in 
Vibrio harveyi by decreasing the DNA-binding activity of the response regulator protein luxR. 
Environmental Microbiology, submitted. 
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INTRODUCTION 
Vibrio harveyi is a Gram-negative, luminescent marine bacterium that can be found 
free-living in the water column as well as in association with marine animals 
(Thompson et al., 2004). With the rapid development of the aquaculture industry, the 
species is becoming increasingly recognised as an important pathogen of marine 
vertebrates and invertebrates (Austin and Zhang, 2006). Because of the 
development and spread of antibiotic resistance in these bacteria, antibiotic 
treatments are becoming inefficient (Karunasagar et al., 1994; Moriarty, 1998) and 
therefore, alternative control strategies are developed. One of these alternative 
control strategies is the disruption of bacterial cell-to-cell communication, called 
quorum sensing (see Chapter 2). 
Unlike most other Gram-negative bacteria, Vibrio harveyi has been reported to use a 
multi-channel quorum sensing system (Figure 5.1). The first channel of this system is 
mediated by the Harveyi Autoinducer 1 (HAI-1), an acylated homoserine lactone 
(AHL) (Cao and Meighen, 1989). The second channel is mediated by the so-called 
Autoinducer 2 (AI-2), which is a furanosyl borate diester (Chen et al., 2002). The 
chemical structure of the third autoinducer, called Cholerae Autoinducer 1 (CAI-1) is 
still unknown (Henke and Bassler, 2004b). All three autoinducers are detected at the 
cell surface and activate or inactivate target gene expression by a 
phosphorylation/dephosphorylation signal transduction cascade. Phenotypes that 
were found to be controlled by this quorum sensing system include bioluminescence 
(Bassler et al., 1993) and the production of several virulence factors such as a type 
III secretion system (Henke and Bassler, 2004a), extracellular toxin (Manefield et al., 
2000) and a siderophore (Lilley and Bassler, 2000). Recently, we found that virulence 
of the bacterium towards the brine shrimp Artemia franciscana is also regulated by its 
quorum sensing system (see Chapter 3). 
One of the mechanisms to disrupt bacterial quorum sensing is the use of 
halogenated furanones, such as the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone. These furanones (natural occurring 
compounds as well as synthetic derivatives) were found to disrupt the expression of 
several different AHL-regulated phenotypes in Gram-negative bacteria, without 
affecting growth (Hentzer and Givskov, 2003; Rasmussen and Givskov, 2006). 
Because of the structural similarity between AHL molecules and the furanones, it was 
originally hypothesised that these compounds disrupt AHL-mediated quorum sensing 
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in the LuxI/LuxRVf-type of quorum sensing system by competitively binding to the 
LuxRVf receptor site (Givskov et al., 1996). Later on, it was shown that the 
halogenated furanones promote rapid turnover of the LuxRVf-type AHL receptor 
protein, reducing the amount of LuxRVf available to interact with AHL and to act as 
transcriptional regulator (Manefield et al., 2002).  
 
 
FIGURE 5.1. Quorum sensing in Vibrio harveyi. The LuxM, LuxS and CqsA enzymes synthesise the 
autoinducers HAI-1, AI-2 and CAI-1, respectively. These autoinducers are detected at the cell surface 
by the LuxN, LuxP-LuxQ and CqsS receptor proteins, respectively. (A) At low signal molecule 
concentration, the receptors autophosphorylate and transfer phosphate to LuxO via LuxU. 
Phosphorylation activates LuxO, which together with σ54 activates the production of small regulatory 
RNAs (sRNAs). These sRNAs, together with the chaperone Hfq, destabilise the mRNA encoding the 
response regulator LuxRVh. Therefore, in the absence of autoinducers, the LuxRVh protein is not 
produced. (B) In the presence of high concentrations of the autoinducers, the receptor proteins switch 
from kinases to phosphatases, which results in dephosphorylation of LuxO. Dephosphorylated LuxO is 
inactive and therefore, the sRNAs are not formed and the response regulator LuxRVh is produced 
(adapted from Henke and Bassler (2004b)). 
 
Meanwhile, several research groups provided evidence that the furanones also 
disrupt quorum sensing-regulated gene expression in Vibrio harveyi (Manefield et al., 
2000; Ren et al., 2001; McDougald et al., 2003; see also Chapter 4). However, since 
the quorum sensing system of Vibrio harveyi is quite different from the LuxI/LuxRVf-
type of quorum sensing system and does not contain a LuxRVf homologue (Milton, 
2006), the molecular mechanism of quorum sensing disruption in this species must 
be different from that in the LuxI/LuxRVf-type of system. Consequently, in this study, 
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we aimed at defining the molecular mechanism by which the natural furanone (5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone (Figure 5.2) disrupts quorum 
sensing-regulated gene expression in this different type of quorum sensing system.  
 
CH3
O
O
Br
Br
 
FIGURE 5.2. Structure of the natural furanone used in this study. 
 
 
RESULTS 
IMPACT OF THE FURANONE ON QUORUM SENSING-REGULATED BIOLUMINESCENCE OF 
WILDTYPE VIBRIO HARVEYI  
Bioluminescence is one of the phenotypes that is regulated by the Vibrio harveyi 
quorum sensing system and therefore, in a first experiment, the impact of the natural 
furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone on the 
bioluminescence of wildtype Vibrio harveyi was determined. Strain BB120 was grown 
in LB20 medium to high cell density in order to activate quorum sensing-regulated 
bioluminescence, after which the furanone was added to the medium. The compound 
blocked bioluminescence of BB120 in a concentration-dependent way (Figure 5.3). 
Consistent with this, luciferase activity in protein lysates of furanone-treated BB120 
cells was found to have decreased approximately 10-fold 0.5 h after the addition of 
50 mg l-1 furanone (Figure 5.4). The bacterial alkaline phosphatase activities of the 
protein lysates were also measured in order to verify that the furanone had no effect 
on phenotypes that are not regulated by the quorum sensing system. As expected, 
there was no significant difference in bacterial alkaline phosphatase activities 
between furanone-treated and untreated cells (Figure 5.4). 
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FIGURE 5.3. Bioluminescence of the Vibrio harveyi wildtype (BB120) and the double mutants JAF375 
(sensor HAI-1-, sensor AI-2-, sensor CAI-1+), JMH597 (sensor HAI-1-, sensor AI-2+, sensor CAI-1-) and 
JMH612 (sensor HAI-1+, sensor AI-2-, sensor CAI-1-) as a function of the concentration of the natural 
furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone. Luminescence measurements 
were performed 0.5 h after the addition of the furanone. For each strain, the bioluminescence without 
the addition of furanone was set at 100% and the other samples were normalised accordingly. The 
error bars represent the standard deviation of three replicates.  
 
IMPACT OF THE FURANONE ON BIOLUMINESCENCE OF VIBRIO HARVEYI AUTOINDUCER 
RECEPTOR DOUBLE MUTANTS  
The Vibrio harveyi quorum sensing system consists of three channels, with each 
channel being activated by a different type of signal molecule (Figure 5.1). In order 
to determine the impact of the furanone on the different channels, the signal 
molecule receptor double mutants JAF375 (sensor HAI-1-, sensor AI-2-, sensor CAI-
1+), JMH597 (sensor HAI-1-, sensor AI-2+, sensor CAI-1-) and JMH612 (sensor HAI-
1+, sensor AI-2-, sensor CAI-1-) were used. Because of the mutated receptors, 
bioluminescence in these mutants is only responsive to one of the three signal 
molecules (Henke and Bassler, 2004b). The mutants were grown to high cell 
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densities, the furanone was added at 50 mg l-1 and blocked bioluminescence in all 
three double mutants in a pattern similar to the one obtained for the wildtype (Figure 
5.3). This indicates that all three channels of the quorum sensing system were 
blocked. 
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FIGURE 5.4. Luciferase (circles) and bacterial alkaline phosphatase (triangles) activities in protein 
lysates of wildtype Vibrio harveyi BB120 as a function of time, without (open symbols) and with (filled 
symbols) the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone (50 mg l-1). 
The error bars represent the standard deviation of four independent experiments. Experiments were 
performed by Carol Miyamoto, Department of Biochemistry, McGill University. 
 
IMPACT OF THE FURANONE ON BIOLUMINESCENCE OF CONSTITUTIVELY LUMINESCENT VIBRIO 
HARVEYI MUTANTS WITH MUTATIONS IN THE QUORUM SENSING SIGNAL TRANSDUCTION 
CASCADE 
Since the three signal molecules have quite different chemical structures (Henke and 
Bassler, 2004b), we suspected that the furanone did not block quorum sensing-
regulated bioluminescence by competing with the autoinducers for receptor sites but 
rather by interfering with the quorum sensing signal transduction. In order to test this 
hypothesis, the effect of the furanone on bioluminescence of mutants that were fixed 
in the high cell-density configuration at different levels in the quorum sensing signal 
transduction cascade was investigated. The mutants JAF553 and JAF483 contain a 
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point mutation in the luxU and luxO genes, respectively, that render the LuxU and 
LuxO proteins incapable of phosphorelay (Freeman and Bassler, 1999a; Freeman 
and Bassler, 1999b). Strain BNL258 has a Tn5 insertion in the hfq gene, resulting in 
a non-functional Hfq protein (Lenz et al., 2004). Hence, because of the nature of 
these mutations, the three mutants are constitutively luminescent and therefore, 
blocking luminescence in one of them would indicate that the furanone acts 
downstream of the mutated component. The furanone, at 50 mg l-1, blocked 
luminescence in all three mutants (Figure 5.5).  
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FIGURE 5.5. Bioluminescence of wildtype Vibrio harveyi BB120 and the mutants JAF553 (luxU H58A), 
JAF483 (luxO D47A) and BNL258 (hfq::Tn5lacZ) without (white bars) and with (striped bars) the 
natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone (50 mg l-1). Measurements 
were performed 0.5 h after the addition of the furanone. The error bars represent the standard 
deviation of three replicates. Note that RLU is the relative unit of luminescence reported by the Lumac 
Biocounter M2500 luminometer. 
 
In wildtype Vibrio harveyi, the Hfq protein acts together with small regulatory RNA’s 
to destabilise the mRNA of the master regulator LuxRVh (see Figure 5.1). In the 
mutant BNL258, a transposon insertion has rendered the Hfq protein nonfunctional 
and therefore, in this mutant, the luxRVh mRNA cannot be destabilised by the quorum 
sensing signal transduction system, resulting in a constitutively expressed 
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bioluminescence (Lenz et al., 2004). The fact that the furanone blocked 
bioluminescence in this mutant indicates that it acts downstream of Hfq, i.e. at the 
level of the luxRVh mRNA and/or the LuxRVh protein. 
 
IMPACT OF THE FURANONE ON LUXRVH  MRNA LEVELS 
In order to verify whether the furanone indeed affects the quorum sensing master 
regulator, an experiment was set up in which the impact of the addition of the 
compound on luxRVh mRNA and LuxRVh protein was studied. Wildtype Vibrio harveyi 
BB120 was grown to high cell density, after which the natural furanone was added at 
50 mg l-1. The addition of the furanone resulted in a rapid decrease in luminescence, 
with 3 log units difference between the furanone-treated and the untreated cultures 
already 0.5 h after the addition of the furanone (Figure 5.6).  
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FIGURE 5.6. Bioluminescence per unit cell density in wildtype Vibrio harveyi BB120 as a function of 
time, without (open symbols) and with (filled symbols) the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone (50 mg l-1). The error bars represent the standard deviation 
of three replicates. Note that RLU is the relative unit of luminescence reported by the Lumac 
Biocounter M2500 luminometer. 
 
luxRVh mRNA levels were quantified relatively by reverse transcriptase realtime PCR 
with specific primers and the RNA polymerase A subunit (rpoA) mRNA was analysed 
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as a control of a non-quorum sensing-regulated gene. For both genes, the mRNA 
levels followed a similar trend, with no significant difference between furanone-
treated and untreated cells (Figure 5.7). From these results, we conclude that the 
furanone has no effect on luxRVh mRNA levels. 
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FIGURE 5.7. Difference in luxRVh (filled symbols) and rpoA (open symbols) mRNA levels between 
wildtype Vibrio harveyi BB120 cells treated with the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone (50 mg l-1) and untreated cells, as determined by reverse 
transcriptase realtime PCR with specific primers. The error bars represent the standard deviation of 
two independent experiments.  
 
IMPACT OF THE FURANONE ON LUXRVH PROTEIN LEVELS AND LUXRVH BINDING TO ITS TARGET 
PROMOTER SEQUENCES 
Mobility shifts using radiolabeled luxRVh promoter DNA containing the LuxRVh binding 
sites showed less shifts with cell lysates from furanone-treated cells when compared 
to untreated cells (Figure 5.8 A), indicating that there were significantly lower levels 
of the protein able to bind the promoter DNA. In order to quantify the difference in 
bound LuxRVh levels between furanone-treated and untreated cells, a titration for 
mobility shifts of luxRVh promoter DNA using the 2 h samples was performed. This 
titration revealed that 0.025 µg lysate of untreated cells gave the same shift as 0.5 µg 
lysate of furanone-treated cells (data not shown), which indicates that there was a 
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20-fold difference in LuxRVh levels bound to the promoter DNA. The luxCDABEGH 
promoter DNA was also used to check for LuxRVh shifts, with similar findings (data 
not shown).  
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FIGURE 5.8. LuxRVh protein levels as determined by mobility shifts. (A) Autoradiogram after 5% 
polyacrylamide gel electrophoresis of 5’ 32P-labelled luxRVh promoter DNA containing the LuxRVh 
binding sites, mixed with 5 µg of protein lysates from wildtype Vibrio harveyi BB120: lanes 1-4, 
addition of lysates taken at different time points from an untreated culture; lanes 5-8, addition of 
lysates taken at different time points from a culture treated with 50 mg l-1 of the natural furanone (5Z)-
4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone; last lane, blank (addition of lysate from the luxR 
negative strain MR1130). (B) Autoradiogram after 5% polyacrylamide gel electrophoresis of 5’ 32P-
labelled luxRVh promoter DNA containing the LuxRVh binding sites, mixed with purified LuxRVh, which 
was incubated in vitro for 1 h with or without the furanone (50 mg l-1). (C) SDS-PAGE of the same 
samples as in panel B. Experiments were performed by Carol Miyamoto, Department of Biochemistry, 
McGill University. 
 
These observations could be explained by the furanone either decreasing translation 
or increasing turnover of LuxRVh, or altering the protein in such a way that it is 
rendered unable to bind to its target promoter. Some additional tests were performed 
to clear this up. First, 50 mg l-1 chloramphenicol was added to Vibrio harveyi BB120 
cultures in order to stop translation of LuxRVh. In these cultures, there was no effect 
on LuxRVh mobility shifts in the absence of furanone throughout the 1 h of incubation, 
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whereas in the presence of furanone, again less shifts occurred (data not shown). 
This suggests that LuxRVh has quite a slow turnover and that the furanone acts on 
pre-existing LuxRVh translates. Finally, the furanone was added to purified LuxRVh, 
and after subsequent incubation of the mixture, again significantly lower levels of 
LuxRVh were found to bind to the promoter DNA when compared to untreated LuxRVh 
(Figure 5.8 B). Interestingly, SDS-PAGE showed that the concentration of LuxRVh in 
the mixtures was not affected by the furanone (Figure 5.8 C). Together, these data 
lead to the conclusion that the furanone compound renders LuxRVh unable to bind to 
its target promoter sequences, without degrading the protein. 
 
 
DISCUSSION 
Disease caused by antibiotic resistant luminescent vibrios is a serious problem in the 
aquaculture industry (Austin and Zhang, 2006). Recent investigations have pointed 
out that disruption of the quorum sensing system of these bacteria by using 
halogenated furanones could be a promising alternative biocontrol strategy 
(Manefield et al., 2000; see Chapter 4). In view of the potential practical applications 
of this type of compounds, it is of significant interest to define the mode of action of 
the furanones in these bacteria. Hence, this study aimed at elucidating the molecular 
mechanism of quorum sensing disruption by the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone in Vibrio harveyi.  
In a first series of experiments, the impact of the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone on quorum sensing-regulated 
bioluminescence of Vibrio harveyi wildtype and quorum sensing mutants was 
determined. Importantly, halogenated furanones were shown before not to block 
bioluminescence in a constitutive system (Givskov et al., 1996), indicating that the 
biochemical function of the Lux proteins is not affected. Consistent with the work of 
Manefield et al. (2000), the compound was found to block bioluminescence in 
wildtype Vibrio harveyi BB120 in a concentration-dependent way and to decrease 
luciferase activity in protein lysates of furanone-treated BB120 cells. In order to 
determine the impact of the furanone on the three different channels of the Vibrio 
harveyi quorum sensing system, the impact of the furanone on bioluminescence of 
the signal molecule receptor double mutants JAF375, JMH597 and JMH612 (Henke 
and Bassler, 2004b) was studied. The compound was shown to block 
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bioluminescence in all three double mutants in a pattern similar to the one obtained 
for the wildtype. Because of the mutated receptors, bioluminescence in these 
mutants is only responsive to one of the three signal molecules, which implies that all 
three channels of the quorum sensing system were blocked. These data confirm the 
reports by Ren et al. (2001) and McDougald et al. (2003), who determined the impact 
of the furanone on the AI-2- and/or HAI-1-mediated channels of the system by using 
the AI-2 and/or HAI-1 receptor mutants BB886 and BB170 (which thus were still 
responsive to both HAI-1 & CAI-1 and AI-2 & CAI-1, respectively). Moreover, our 
results indicate that the furanone also blocks the CAI-1-mediated channel of the 
Vibrio harveyi quorum sensing system.  
Until present, the hypothesis that prevailed in literature was that the furanones 
disrupt quorum sensing in Vibrio harveyi by displacing the signal molecules from their 
receptors (Manefield et al., 2000; Ren et al., 2001). However, since the three signal 
molecules have quite different chemical structures (although the exact structure of 
CAI-1 is still unknown; Henke and Bassler, 2004b), we suspected that the furanone 
did not block quorum sensing-regulated bioluminescence by competing with the 
autoinducers for receptor sites but rather by interfering with the quorum sensing 
signal transduction. In order to test this hypothesis, the effect of the furanone on 
bioluminescence of mutants that were fixed in the high cell-density configuration at 
different levels in the quorum sensing signal transduction cascade was investigated 
(i.e. LuxU, LuxO and Hfq). We found that the furanone blocked bioluminescence in 
the hfq mutant BNL258. Hfq is a chaperone protein that acts together with small 
regulatory RNAs to destabilise the mRNA of the master regulator LuxRVh. The Hfq 
protein is non-functional in strain BNL258, resulting in constitutively expressed 
bioluminescence (Lenz et al., 2004). The fact that the furanone blocked 
bioluminescence in this mutant indicates that it acts downstream of Hfq, i.e. at the 
level of the luxRVh mRNA and/or the LuxRVh protein and not by displacing the signal 
molecules from their receptors. 
The quorum sensing master regulator protein LuxRVh has been shown before to be a 
transcriptional activator that is required for expression of the lux operon (Swartzman 
et al., 1992; Swartzman and Meighen, 1993). Consequently, in a final series of 
experiments, the effect of the furanone on this response regulator protein was 
investigated. Reverse transcriptase realtime PCR with primers specific for Vibrio 
harveyi luxRVh revealed that the furanone has no effect on the concentration of the 
 68 
MODE OF ACTION OF BROMINATED FURANONES IN VIBRIO HARVEYI 
 
luxRVh mRNA. In contrast, mobility shift assays showed that the concentration of the 
LuxRVh response regulator protein able to bind to its target promoter sequences 
significantly decreased after furanone addition, both in vivo and in vitro. Interestingly, 
the concentration of the LuxRVh protein was shown not to be affected by the furanone 
(as determined by SDS-PAGE analysis). Since halogenated furanones are known to 
be very reactive compounds (Hentzer and Givskov, 2003), we hypothesise that the 
furanone reacts with the LuxRVh protein, thereby altering it in such a way that it 
cannot bind the DNA anymore. It therefore seems that the furanone acts differently 
on Vibrio harveyi LuxRVh when compared to the non-homologous Vibrio fischeri 
LuxRVf since the work by Manefield et al. (2002) indicated that LuxRVf was degraded 
in the presence of furanone. However, a similar mechanism could still be possible 
since the furanone might also have altered the LuxRVf protein in such a way that it 
was undetected by the Western blot assay used by the authors to quantify LuxRVf. 
In conclusion, the results presented in this paper show that the natural furanone (5Z)-
4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone disrupts quorum sensing-
regulated gene expression in Vibrio harveyi by decreasing the DNA-binding activity of 
the quorum sensing master regulator protein LuxRVh. 
 
 
EXPERIMENTAL PROCEDURES 
FURANONE PREPARATION 
The natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone was 
synthesised as described previously (Ren et al., 2001). The furanone was dissolved 
and diluted in pure ethanol and stored at -20°C. 
 
BACTERIAL STRAINS AND GROWTH CONDITIONS 
The strains that were used in this study are shown in Table 5.1. All strains were 
grown in Luria-Bertani medium containing 20 g l-1 NaCl (LB20) at 28°C under constant 
agitation. Spectrophotometry at OD600 was used to measure growth. Luminescence 
was measured with a Lumac Biocounter M2500 luminometer (Lumac b.v., Landgraaf, 
The Netherlands).  
For all experiments, Vibrio harveyi strains were grown to an OD600 of approximately 
0.75, after which the furanone was added to the cultures in the appropriate 
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concentration and the cultures were further incubated at 28°C with shaking. Unless 
otherwise indicated, samples were taken in triplicate 0.5 h after furanone addition.  
 
TABLE 5.1: Strains used in this study.  
Strain Phenotype Reference 
Vibrio harveyi BB120 wildtype from which strains BNL258, 
JAF375, JAF483, JAF553, JMH597 and 
JMH612 are derived 
Bassler et al. (1997) 
Vibrio harveyi BNL258 hfq::Tn5lacZ Lenz et al. (2004) 
Vibrio harveyi JAF375 luxN::CmR luxQ::KanR Freeman and Bassler (1999a) 
Vibrio harveyi JAF483 luxO D47A linked to KanR Freeman and Bassler (1999a) 
Vibrio harveyi JAF553 luxU H58A linked to KanR Freeman and Bassler (1999b) 
Vibrio harveyi JMH597 luxN::Tn5 cqsS:: CmR Henke and Bassler (2004b) 
Vibrio harveyi JMH612 luxPQ::Tn5 cqsS:: CmR Henke and Bassler (2004b) 
Vibrio harveyi MR1130 isogenic LuxR mutant Martin et al. (1989) 
 
 
PROTEIN ASSAYS 
Wildtype Vibrio harveyi BB120 was used in the luciferase and bacterial alkaline 
phosphatase assays. Immediately before and 0.5, 1 and 2 hours after the addition of 
the furanone, 2 units (OD600 x Vol. (ml)) were pelleted, sonicated in 0.5 ml of 0.25 M 
Tris, pH 8 and the cellular debris removed (as described by Miyamoto et al. (1990)). 
A modified Lowry assay was used to determine the protein content (Markwell et al., 
1981). In vitro luciferase and bacterial alkaline phosphatase activities were 
determined as described by Gunsalus-Miguel et al. (1972) and Garen and Levinthal 
(1960). All protein assays were performed by Carol Miyamoto, Department of 
Biochemistry, McGill University. 
 
PRIMER DESIGN 
Specific primers for the amplification of luxRVh and RNA polymerase A subunit (rpoA) 
mRNA were designed using the Primer Express 2.0 software (Applied Biosystems, 
Foster City, USA). The primers were designed based on the consensus of the 
sequences that have been deposited before in GenBank. The combinations of the 
two primer sequences were blasted against GenBank. The primer sequences are 
shown in Table 5.2.  
 
RNA EXTRACTION AND REVERSE TRANSCRIPTASE REALTIME PCR 
The effect of the furanone on luxRVh mRNA concentrations was studied in wildtype 
Vibrio harveyi BB120. Immediately before and 0.5, 1 and 2 hours after furanone 
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addition, luminescence and cell density (OD600) of the cultures were measured and 
0.5 ml samples for RNA extraction were taken, which were immediately frozen in cold 
ethanol (-80°C). RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. RNA extracts were 
treated with RNAse-free DNAse I (Fermentas, St. Leon-Rot, Germany), after which 
the RNA quantity was checked spectrophotometrically. RNA concentrations obtained 
were all around 300 ng µl-1. RNA quality was confirmed by electrophoresis. cDNA 
was obtained by reverse transcription using the Qiagen One Step RT-PCR kit 
(Qiagen), according to the manufacturer’s instructions.  
 
Table 5.2: Primers used in this study 
Target Primer Sequence 
rpoA rpoAforward 5’ CGTAGCTGAAGGCAAAGATGA 3’ 
 rpoAreverse 5’ AAGCTGGAACATAACCACGA 3’ 
luxRVh LuxRforward 5’ TCAATTGCAAAGAGACCTCG 3’ 
 LuxRreverse 5’ AGCAAACACTTCAAGAGCGA 3’ 
 
Realtime PCR was performed with the specific luxRVh and rpoA primers. Amplicon 
lengths are 84 bp and 197 bp for luxRVh and rpoA, respectively. Amplification was 
performed in 25 µl reaction mixtures using the SYBR Green PCR Master Mix kit 
(Applied Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands), according to the 
manufacturer's instructions, in optical 96-well reaction plates with optical caps 
(Applied Biosystems). The thermal profile was as follows: 50°C for 2 min and 95°C for 
10 min followed by 40 cycles of 95°C for 30 s, 54°C for 1 min, and 60°C for 1 min. 
Amplicon dissociation curves were determined by constant fluorescent measurement 
during a final heating step at 60°C to 95°C at 0.1°C s-1 ramping speed. The melting 
temperatures for the amplicons were 77°C and 82°C for luxRVh and rpoA, 
respectively. The template DNA in the reaction mixtures was amplified and monitored 
with an ABI Prism SDS 7000 instrument (Applied Biosystems). The difference in 
mRNA levels between furanone-treated and untreated extracts was calculated as 
follows: 
log (difference in concentration) = ΔCt / regression coefficient 
With ΔCt the difference in Ct value between furanone-treated and untreated extracts. 
The regression coefficients between log(concentration) and Ct value were 
determined by analysing a tenfold dilution series of a Vibrio harveyi BB120 DNA 
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extract and were -3.380 (R² = 0.998) and -3.597 (R² = 0.993) for luxRVh and rpoA, 
respectively. 
 
MOBILITY SHIFT ASSAYS 
The effect of the furanone on LuxRVh protein concentrations was studied in wildtype 
Vibrio harveyi BB120. Immediately before and 0.5, 1 and 2 hours after the addition of 
the furanone, 2 units (OD600 x Vol. (ml)) were pelleted, sonicated in 0.5 ml of 0.25 M 
Tris, pH 8 and the cellular debris removed (as described by Miyamoto et al. (1990)). 
In order to verify whether the furanone affected translation or acted on pre-existing 
translates, cultures were treated with 50 mg l-1 chloramphenicol Sigma-Aldrich 
(Bornem, Belgium) before furanone addition. Mobility shift assays were conducted as 
described previously (Swartzman and Meighen, 1993) using radiolabeled luxRVh 
promoter DNA (Chatterjee et al., 1996) or luxCDABEGH promoter DNA (Miyamoto et 
al., 1996) containing the LuxRVh binding sites. The amount of retarded DNA was 
quantified as described in Miyamoto et al. (1996) using a Fuji bio image. All mobility 
shift assays were performed by Carol Miyamoto, Department of Biochemistry, McGill 
University. 
 
EXPERIMENTS WITH PURIFIED LUXRVH
LuxRVh purification was carried out as described previously (Swartzman and 
Meighen, 1993). The purified LuxRVh was stored in 50 mM NaPO4, 300 mM NaCl, pH 
8.0. The protein concentration (as determined by Biorad protein assays) was 0.2 mg 
ml-1. To glass tubes containing 40 µl of the protein preparation, 0.2 µl of absolute 
ethanol or 0.2 µl of furanone (10 mg ml-1 in ethanol) were directly added.  The tubes 
were incubated in a 37°C water bath for 1 h and then stored at 4°C.  For mobility shift 
analyses, the samples were diluted ten-fold in storage buffer and 1 µl (0.02 µg) was 
assayed.  For SDS-PAGE, 1 µg of protein was applied and 10% SDS-PAGE was 
performed according to Maniatis et al. (1982). All experiments wit purified LuxRVh 
were performed by Carol Miyamoto, Department of Biochemistry, McGill University. 
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DISRUPTION OF QUORUM SENSING TO CONTROL LUMINESCENT 
VIBRIOSIS: GENERAL DISCUSSION, FURTHER PERSPECTIVES AND 
CONCLUSIONS  
 
GENERAL DISCUSSION 
INTRODUCTION 
The quest for alternative methods to control infections caused by antibiotic-resistant 
bacteria is an important challenge for the sustainable development of aquaculture. 
The aim of the first part of this work was to evaluate the disruption of bacterial cell-to-
cell communication as a new biocontrol technique for aquaculture, with an emphasis 
on luminescent vibrios.  
 
DEVELOPMENT OF A GNOTOBIOTIC MODEL SYSTEM FOR IN VIVO EXPERIMENTS 
First of all, a simple and reliable model test system with gnotobiotic Artemia nauplii 
was developed in order to study the impact of possible new biocontrol techniques in 
vivo (Chapter 3). The model system was based on previous work with gnotobiotic 
Artemia, performed at the Laboratory of Aquaculture & Artemia Reference Center 
and the Laboratory of Microbial Ecology and Technology (Verschuere et al., 1999; 
Marques et al., 2004). Sterile nauplii were cultured in autoclaved artificial seawater 
and fed with a suspension of autoclaved Aeromonas hydrophila LVS3. Previous 
reports had shown that luminescent vibrios are pathogenic to Artemia and that 
infections are established through colonisation of the gut (Figure 6.1; Soto-
Rodriguez (2003a and b)). In our gnotobiotic test system, luminescent vibrios were 
also able to cause high mortality in the Artemia nauplii. Moreover, it was shown to be 
possible to obtain an indication of the virulence of the pathogens by adjusting the 
amount of feed given to the nauplii. Indeed, the virulence of Vibrio harveyi BB120 
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was shown to be dependent of the feed level, whereas Vibrio campbellii LMG21363 
caused high mortality irrespective of the feeding regime. From these observations, 
strain BB120 was concluded to be an opportunistic Artemia pathogen (only causing 
problems under suboptimal feeding) and strain LMG21363 to be a virulent one. 
 
 
FIGURE 6.1. Fluorescence microscopy image of an Artemia nauplius, infected with fluorescently 
labelled Vibrio harveyi (from Soto-Rodriguez et al., 2003b). 
 
The mortalities in Artemia nauplii caused by the luminescent vibrios we observed 
under suboptimal feeding conditions were in accordance to previous work in which 
some of the same isolates were tested (Soto-Rodriguez et al., 2003a). However, later 
research showed that strain LMG21363 also is opportunistic since it did not cause 
mortality in Artemia nauplii that were fed a high-quality diet, whereas it was highly 
virulent if Artemia was given a poor-quality diet (Marques et al., 2005). In practice, it 
is not economically feasible to provide the animals with the most optimal diet and the 
fact that luminescent vibrios do cause serious problems in aquaculture, indicates that 
a suboptimal and immune-compromising culturing regime probably is most relevant 
to the “real life” situation. Apart from being given suboptimal feed, the animals also 
can experience stress due to for instance handling, (too) high stocking densities and 
water quality deterioration (Peddie and Wardle, 2005).  
 
THE IMPACT OF QUORUM SENSING DISRUPTION ON THE VIRULENCE OF VIBRIO HARVEYI 
Unlike most other Gram-negative bacteria, Vibrio harveyi was found to use a multi-
channel quorum sensing system (Figure 6.2). The first channel of this system is 
mediated by the Harveyi Autoinducer 1 (HAI-1), an acylated homoserine lactone 
(AHL) (Cao and Meighen, 1989). The second channel is mediated by the so-called 
Autoinducer 2 (AI-2), which is a furanosyl borate diester (Chen et al., 2002). The 
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chemical structure of the third autoinducer, called Cholerae Autoinducer 1 (CAI-1) is 
still unknown (Henke and Bassler, 2004c). All three autoinducers are detected at the 
cell surface and activate or inactivate target gene expression by a 
phosphorylation/dephosphorylation signal transduction cascade. In vitro experiments 
with quorum sensing mutants indicated Vibrio harveyi quorum sensing system is a 
three-way coincidence detector, with bioluminescence of the cells dependent on the 
levels of the three signal molecules (Henke and Bassler, 2004c). 
 
 
FIGURE 6.2. Quorum sensing in Vibrio harveyi. The LuxM, LuxS and CqsA enzymes synthesise the 
autoinducers HAI-1, AI-2 and CAI-1, respectively. These autoinducers are detected at the cell surface 
by the LuxN, LuxP-LuxQ and CqsS receptor proteins, respectively. (A) At low signal molecule 
concentration, the receptors autophosphorylate and transfer phosphate to LuxO via LuxU. 
Phosphorylation activates LuxO, which together with σ54 activates the production of small regulatory 
RNAs (sRNAs). These sRNAs, together with the chaperone Hfq, destabilise the mRNA encoding the 
response regulator LuxRVh. Therefore, in the absence of autoinducers, the LuxRVh protein is not 
produced. (B) In the presence of high concentrations of the autoinducers, the receptor proteins switch 
from kinases to phosphatases, which results in dephosphorylation of LuxO. Dephosphorylated LuxO is 
inactive and therefore, the sRNAs are not formed and the response regulator LuxRVh is produced 
(adapted from Henke and Bassler (2004b)). 
 
In a first study, using quorum sensing mutants, the AI-2-mediated channel of the 
Vibrio harveyi quorum sensing system was shown to regulate virulence of the 
bacterium towards Artemia (Chapter 3). Indeed, mutations in the AI-2 synthase gene 
luxS or the AI-2 receptor gene luxP abolished virulence of Vibrio harveyi BB120. In 
contrast, inactivation of the HAI-1-mediated channel of the system had no effect on 
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its virulence towards Artemia. The effect of the CAI-1-mediated channel was not 
studied since CAI-1 signalling was not yet described at the moment the experiments 
were performed. However, in later experiments, none of the signal molecule 
synthase double mutants MM77 (CAI-1+), JMH605 (AI-2+) and JMH606 (HAI-1+) was 
found to cause mortality in Artemia (Table 6.1).  
 
TABLE 6.1. Percentage survival of Artemia (mean ± standard error of four replicates) after 48 h 
challenge with the Vibrio harveyi wildtype and autoinducer synthase double mutants. Challenges were 
performed as described in Chapter 3. 
Treatment Mutation in Survival (%) 
Control - 83 ± 2 
Vibrio harveyi BB120 - 52 ± 4 ** 
Vibrio harveyi MM77 luxM (HAI-1 synthase) and 
luxS (AI-2 synthase) 
83 ± 2 
Vibrio harveyi JMH605 luxM (HAI-1 synthase) and 
cqsA (CAI-1 synthase) 
82 ± 2 
Vibrio harveyi JMH606 luxS (AI-2 synthase) and
cqsA (CAI-1 synthase) 
87 ± 2 
**: significant difference in survival between the control and the treatment 
of interest (P < 0.01) 
 
Although it would be more illustrative to test the virulence of a single CAI-1 negative 
mutant, these observations give an indication that disruption of the CAI-1-mediated 
channel probably will have the same effect as observed for the AI-2-mediated 
channel. It therefore seems that both AI-2 and CAI-1 are necessary for virulence 
towards Artemia, whereas HAI-1 is not. HAI-1 is an AHL, and this type of signal 
molecules has been shown to be unstable at relatively high pH, with short-acyl chain 
AHL’s (such as HAI-1) being the most unstable ones (Byers et al., 2002; Yates et al., 
2002). Hence, the HAI-1 signal might be hydrolised in the Artemia gut and as a 
consequence, it would fail to activate the HAI-1 receptor even in wildtype Vibrio 
harveyi. The Vibrio harveyi quorum sensing system has been described as a three-
way coincidence detector, with the expression of quorum sensing-regulated genes 
being proportional to the levels of the three signal molecules (Henke and Bassler, 
2004c). Apparently, the detection of AI-2 and CAI-1 results in sufficiently high levels 
of the LuxRVh response regulator to allow expression of the virulence factors that are 
essential to kill Artemia, whereas the LuxRVh concentration produced in the presence 
of only one of these two signal molecules is not. Interestingly, Tinh et al. (2006) found 
that both HAI-1 and AI-2 signalling needed to be inactivated in order to neutralise the 
negative effects of Vibrio harveyi BB120 towards gnotobiotic rotifers (Brachionus 
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plicatilis). This indicates that, in contrast to what we found in Artemia, HAI-1 
signalling is active in the rotifers.  
 
ON THE VALUE OF A THREE CHANNEL QUORUM SENSING SYSTEM 
The above mentioned in vivo work confirms the hypothesis of Taga and Bassler 
(2003) that Vibrio harveyi uses a three channel coincidence quorum sensing system 
in order to counteract bias. If quorum sensing-regulated gene expression would be 
based on the detection of only one signal molecule, then bias could be caused by 
inactivation of the signal, either chemically (e.g. AHL’s such as HAI-1 are unstable at 
high pH; Byers et al. (2002)) or biologically (e.g. HAI-1 could be degraded by Bacillus 
spp.; Dong et al. (2002)). On the other hand, signal production by bacteria belonging 
to other species (e.g. in case of AI-2) will not significantly bias the three channel 
system since the two other signals are needed as well for maximal activation (Henke 
and Bassler, 2004c). Moreover, this kind of bias would not be so dramatic since 
activation of the quorum sensing cascade by a signal produced by other bacteria 
would indicate that mixing and diffusion in the micro-environment is low and hence, 
the vibrios would have a high chance to benefit from their own quorum sensing-
activated gene products (according to the diffusion sensing hypothesis of Redfield 
(2002)). 
 
QUORUM SENSING DISRUPTION BY HALOGENATED FURANONES 
Halogenated furanones were shown before to disrupt AHL- as well as AI-2-mediated 
signalling in Gram-negative bacteria, without affecting growth (Ren et al., 2001; 
Hentzer and Givskov, 2003). Consequently, in a second study, the impact of the 
natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone on the 
virulence of several different pathogenic luminescent vibrios towards Artemia was 
studied (Chapter 4). The compound, at 20 mg l-1, increased survival of Artemia 
nauplii for all isolates tested, suggesting that virulence attenuation caused by quorum 
sensing disruption is a general feature for luminescent vibrios and not specific for 
strain BB120. For some of the strains, the protection offered by the furanone 
treatment was complete, whereas others still caused significant mortality in furanone-
treated nauplii. Hence, apparently there is a difference between the strains in the 
degree of quorum sensing disruption by the compound. Unfortunately, it was not 
possible to investigate whether higher furanone concentrations could protect the 
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nauplii from the isolates that still caused mortality at 20 mg l-1 of furanone because 
the compound was highly toxic to the nauplii at 50 mg l-1. This implies that the 
therapeutic index for the furanone is too low to be applied in practice. Hentzer and 
Givskov (2003) also mentioned that the currently known halogenated furanones are 
too reactive for the treatment of infections in higher organisms. 
Initial in vitro bioluminescence experiments showed that the furanone blocked AI-2-
mediated signalling in Vibrio harveyi (Chapter 4). Until present, the hypothesis that 
prevailed in literature was that the halogenated furanones disrupt quorum sensing in 
this bacterium by displacing the signal molecules from their receptors (Manefield et 
al., 2000; Ren et al., 2001). However, in a third study, we found that the furanone 
blocks quorum sensing-regulated gene expression in Vibrio harveyi by decreasing 
the DNA-binding activity of the quorum sensing response regulator LuxRVh and not 
by interacting with the signal molecule receptors (Chapter 5). The fact that the 
furanone affects the master regulator rather than selectively blocking one of the 
channels of the Vibrio harveyi quorum sensing system is quite important with respect 
to possible practical applications. As mentioned earlier, there seems to be a 
difference in the relative importance of the three channels for a successful infection 
of different hosts. Hence, since the furanone blocks all three channels of the system 
at once by acting at the end of the quorum sensing signal transduction cascade, it 
will not be necessary to develop different furanone compounds to protect different 
hosts. Indeed, the natural furanone which was shown here to protect Artemia from 
luminescent vibrios, has also been shown to neutralise the negative effect of Vibrio 
harveyi BB120 towards rotifers (Tinh et al., 2006). 
Interestingly, the natural furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone had no effect on growth of the vibrios, indicating that it poses no (or very 
small) selective pressure on the bacteria. Consequently, the chance of resistance 
development will probably be smaller than for conventional antibiotics. Because the 
furanones attenuate virulence of pathogenic bacteria without affecting growth, they 
have been termed antipathogenic drugs, as opposed to antibacterial drugs (Hentzer 
and Givskov, 2003). Antipathogenic drugs target key regulatory systems in bacterial 
pathogens that regulate the expression of virulence factors. The fact that 
antipathogenic compounds are unlikely to pose a selective pressure for the 
development of resistance, makes this concept highly attractive as a sustainable 
biocontrol strategy. Hence, it certainly is worthwhile to try synthesising analogous 
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compounds with lower toxicity which could then be applied in practice to control 
luminescent vibriosis in aquaculture. 
 
 
POSSIBLE LINES FOR FURTHER RESEARCH 
DEGRADATION OF AI-2 
AI-2 is produced from S-adenosylmethionine (SAM) in three enzymatic steps (Figure 
6.3). When SAM is used as a methyl donor, S-adenosylhomocysteine (SAH) is 
produced. The enzyme Pfs converts SAH to S-ribosylhomocysteine (SRH), and 
subsequently, LuxS acts on SRH to make homocysteine and 4,5-dihydroxy-2,3-
pentanedione (DPD) (Schauder et al., 2001). In Vibrio harveyi, DPD cyclises, is 
hydrated and is converted into the active AI-2 signal molecule (Chen et al., 2002). 
Recent research showed that the active AI-2 signal in Salmonella typhimurium has a 
different chemical structure when compared to Vibrio harveyi AI-2 (Miller et al., 
2004). In Salmonella typhimurium, AI-2 induces transcription of the lsrACDBFGE 
operon. The first four genes in this operon encode an ABC transporter, through which 
AI-2 is imported into the cells (Taga et al., 2003). The other genes of the operon, 
together with the lsrK en lsrR genes, encode proteins that phosphorylate AI-2 and 
further degrade the signal (Taga and Bassler, 2003). A similar system has been 
described in Escherichia coli (Xavier and Bassler, 2005b). It is still unclear why these 
two species produce a signal which then activates its own degradation; one 
hypothesis is that by doing so, they trick their competitors into behaving as if there 
were no AI-2 (Federle and Bassler, 2003). In an exciting report, Xavier and Bassler 
(2005a) studied AI-2 crosstalk between Vibrio harveyi and Escherichia coli and found 
that when cocultured, Vibrio harveyi produced only 18% of the bioluminescence it 
produced in pure culture. The effect was shown to be due to internalisation and 
degradation of AI-2 by Escherichia coli since no reduction occurred in cocultures with 
mutants that are defective in AI-2 internalisation.  
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FIGURE 6.3. Biosynthesis of AI-2. (A) 4,5-dihydroxy-2,3-pentanedione (DPD), the precursor to all AI-2, 
is synthesised from S-adenosylmethionine (SAM) in three enzymatic steps. SAH: S-
adenosylhomocysteine, SRH: S-ribosylhomocysteine. (B) DPD rearranges and undergoes further 
reactions (all equilibria) to form distinct biologically active signal molecules that are generically termed 
AI-2. Vibrio harveyi AI-2 is produced by the upper pathway; Salmonella typhimurium AI-2 by the lower 
one. S-DHMF: (2S,4S)-dihydroxy-2-methyldihydro-3-furanone, R-DHMF: (2R,4S)-dihydroxy-
2methyldihydro-3-furanone, S-THMF: (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran, R-THMF:  
(2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran. Adapted from Henke and Bassler (2004a). 
 
The degradation of AI-2 by Escherichia coli is not constitutive but is under control of 
several regulatory mechanisms, such as cAMP-CRP, the repressor LsrR and RpoS 
(De Keersmaecker et al., 2006), which makes it inappropriate for practical 
applications. Since the different active AI-2 signal molecules all are in equilibrium 
with each other and with DPD (see Figure 6.3), inactivation of one of them will result 
in a decrease in the concentrations of all the other forms. However, no other bacteria 
than Escherichia coli and Salmonella typhimurium have been reported that are able 
to degrade AI-2 or its precursor DPD. The enrichment, isolation and identification of 
AI-2- or DPD-degrading bacteria constitutes an intriguing area for further research.  
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In contrast to AI-2 degradation, several reports have been published describing the 
degradation of AHLs by different bacteria. Enzymes that are able to inactivate AHLs 
have been discovered in species belonging to the α-Proteobacteria (Zhang et al., 
2002), the β-Proteobacteria (Leadbetter and Greenberg, 2000; Lin et al., 2003; Uroz 
et al., 2003) and the γ-Proteobacteria (Uroz et al., 2003) as well as in some Gram-
positive species (Dong et al., 2002; Lee et al., 2002; Uroz et al., 2003). However, as 
far as we know, the effect of these bacteria on HAI-1 signalling in Vibrio harveyi has 
not yet been determined. It would be highly interesting to investigate whether signal 
molecule-degrading bacteria (either AI-2 degraders alone or both AHL and AI-2 
degraders together, depending on the host system) would be capable to disrupt 
Vibrio harveyi quorum sensing both in vitro and in vivo and whether this could protect 
shrimp from luminescent vibriosis. If they would be effective in controlling 
luminescent vibriosis, these bacteria could be used as a new kind of probiotics. 
 
LUXS INHIBITORS 
Another possibility to disrupt quorum sensing is inhibition of signal molecule 
biosynthesis. This strategy has already been tested in the AHL-mediated quorum 
sensing system of Pseudomonas aeruginosa by applying substrate analogues for the 
AHL synthase enzyme RhlI (Parsek et al., 1999). Interestingly, Alfaro et al. (2004) 
recently synthesised two inhibitors of the AI-2 synthase enzyme LuxS, S-
anhydroribosyl-L-homocysteine and S-homoribosyl-L-cysteine. Both compounds are 
analogues of the LuxS substrate S-ribosyl-L-homocysteine. The compounds were 
tested in vitro using purified LuxS and were found to inhibit AI-2 production by the 
enzyme. Very recently, Shen et al. (2006) synthesised the first LuxS inhibitors with 
activity in the submicromolar range, with KI values as low as 0.43 µM (≈ 115 µg l-1). 
Hence, it would be very interesting to test the effect of these LuxS inhibitors on the 
virulence of luminescent vibrios towards shrimp. 
 
COMBINATION OF TECHNIQUES IN A GENERAL QUORUM SENSING-DISRUPTING STRATEGY 
Many pathogenic bacteria have been reported to regulate virulence by AHL- or AI-2-
mediated quorum sensing. The list includes plant, animal and human pathogens, 
such as Agrobacterium tumefaciens (Hwang et al., 1994), Clostridium perfringens 
(Ohtani et al., 2002), Neisseria meningitidis (Winzer et al., 2002), Pseudomonas 
aeruginosa (Duan et al., 2003; Smith and Iglewski, 2003), Streptococcus 
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pneumoniae (Joyce et al., 2004; Stroeher et al., 2003), Streptococcus pyogenes 
(Lyon et al., 2001) and different species belonging to the genera Aeromonas (Swift et 
al., 1999), Erwinia (Loh et al., 2002) and Vibrio (Milton et al., 2006). One appealing 
option could therefore be to develop a strategy that disrupts quorum sensing in all 
those species. This could be achieved by designing compounds that affect all types 
of quorum sensing-regulated response regulators (such as halogenated furanone 
analogues) or by combining techniques that disrupt AHL-mediated quorum sensing 
(such as AHL-degrading bacteria) with others that disrupt AI-2-mediated quorum 
sensing (such as LuxS inhibitors). However, nonspecific quorum sensing disruption 
might cause too drastic disturbances in the microbial community that is treated and 
might also block favourable quorum sensing-regulated processes (such as for 
instance nodule formation by rhizobia; Pierson et al., 1997). From this point of view, it 
might be more sustainable to build a toolbox containing different quorum sensing-
disrupting techniques and to apply one or a combination of the techniques only 
affecting the target species (or as few other species as possible). More knowledge 
about the effect of quorum sensing disruption on the (functioning of the) microbial 
communities to be treated will be necessary in order to make a sound decision on 
which techniques can and which cannot be applied in a certain situation. 
 
CONCLUSIONS 
Disruption of quorum sensing is an effective strategy to control luminescent vibriosis 
in Artemia. The application of quorum sensing-disrupting halogenated furanones is 
an attractive new biocontrol strategy, although compounds with lower toxicity than 
the currently known furanones need to be developed. In order to establish quorum 
sensing disruption as a valid alternative biocontrol strategy for aquaculture, it will be 
highly interesting to verify whether the concept also works in more relevant situations 
such as shrimp and prawn culture. In the future, new quorum sensing-disrupting 
techniques will undoubtedly be discovered. Well established techniques (such as 
biodegradation of AHL’s) could be combined with these new techniques (such as 
inactivation of AI-2) in order to develop a general quorum sensing-disrupting strategy 
that could be used to control different types of Gram-negative pathogens. On the 
other hand, it might be more sustainable to apply techniques specifically targeting 
one type of pathogen in order not to cause too dramatic disturbances in the microbial 
community. 
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“The most exciting phrase to hear in 
science, the one that heralds new 
discoveries, is not 'Eureka!' ('I found it!') 
but 'That's funny...'" 
~ Isaak Asimov 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SHORT-CHAIN FATTY ACIDS AND POLY-Β-HYDROXYALKANOATES: 
(NEW) BIOCONTROL AGENTS FOR A SUSTAINABLE ANIMAL 
PRODUCTION 
 
SUMMARY 
Short-chain fatty acids are known for a long time to be bacteriostatic compounds that 
inhibit the growth of neutrophilic pathogens (such as Salmonella spp.). Different 
mechanisms have been proposed, with the acidification of the cytoplasm of the 
bacteria being the most important one. Apart from growth inhibition of pathogenic 
bacteria, short-chain fatty acids have also been shown to specifically downregulate 
virulence factor expression and to positively influence gastrointestinal health. All 
these findings resulted in different applications that aimed at bringing these beneficial 
compounds into the gastrointestinal tract of animals. These applications include the 
mixing of short-chain fatty acids (either coated or uncoated) in animal diets and the 
stimulation of short-chain fatty acid production in the gut, by feeding either beneficial 
acid-producing bacteria as probiotics or their growth substrates as prebiotics. 
Polyhydroxyalkanoates are polymers of β-hydroxy short-chain fatty acids that are 
produced as a reserve material by numerous bacteria. Currently, PHA’s are applied 
as replacements for synthetic polymers and different fermentation strategies leading 
to high polyhydroxyalkanoate production have been described. These biopolymers 
have been shown to be degraded by many different micro organisms producing 
extracellular polyhydroxyalkanoate depolymerase enzymes. Interestingly, different 
studies provided some evidence that polyhydroxyalkanoates can also be degraded 
upon passage through the gastrointestinal tract of animals and consequently, adding 
polyhydroxyalkanoates to the feed might result in biocontrol effects similar to those 
described for short-chain fatty acids.  
CHAPTER 7 
 
SHORT-CHAIN FATTY ACIDS AS BACTERIOSTATIC ANTIMICROBIALS 
MECHANISM OF GROWTH INHIBITION 
Originally, short-chain fatty acids (SCFA) such as formic, acetic, propionic, butyric, 
valeric and lactic acid (Figure 7.1) were added to animal feeds as fungistats (Ricke, 
2003). However, since the 1940s, these compounds have also been found to have 
antibacterial activity (Bergeim, 1940). The bacteriostatic activities of SCFA have been 
studied most intensively in enterobacteria such as Salmonella spp., Escherichia coli 
and Shigella flexneri, with effective concentrations lying within the range of 10-100 
mM (Wolin, 1969; Cherrington, 1991; Sun et al., 1998; Van Immerseel et al., 2003). 
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FIGURE 7.1. Chemical structures of some principal short-chain fatty acids. (A) Formic acid. (B) Acetic 
acid. (C) Propionic acid. (D) Butyric acid. (E) Valeric acid. (F) Lactic acid. 
 
Although the antibacterial mechanism(s) of these compounds are not completely 
understood, they are capable of exhibiting bacteriostatic and bactericidal properties 
depending on the physiological status of the organisms and the physicochemical 
characteristics of the external environment (Ricke et al., 2003). Especially pH of the 
environment has a very important impact. This has been explained by the fact that 
entry of SCFA into bacterial cells occurs by a diffusion process involving the 
undissociated form (Cherrington et al., 1991). The undissociated and dissociated 
forms of fatty acids are in equilibrium, with relative levels of each form dependent on 
pH and the pKa of the fatty acid (according to the Henderson-Hasselbach equation). 
In the undissociated form, the SCFA pass the cell membrane, and once internalised 
into the neutral pH of the cytoplasm dissociate into anions and protons (Kashket, 
1987). Generation of both of these species potentially present problems for bacteria 
that must maintain a near neutral pH in the cytoplasm in order to sustain functional 
macromolecules. Export of excess protons requires consumption of cellular ATP and 
may result in depletion of cellular energy (Figure 7.2). This has traditionally been 
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assumed to be the major mechanism of growth inhibition caused by SCFA (Ricke, 
2003).  
CH3(CH2)2COO- + H+ CH3(CH2)2COOH 
pKa = 4.7 
pH 
CH3(CH2)2COO- + H+ CH3(CH2)2COOH 
neutral pH 
ATP 
diffusion 
proton pump 
 
FIGURE 7.2. Mechanism of bacteriostatic activity of short-chain fatty acids (taking butyric acid as 
example). The fatty acids pass the cell membrane in their undissociated form and dissociate in the 
cytoplasm. As a consequence, the cells have to expend energy to export the excess of protons. 
 
Other toxicity mechanisms of SCFA have been proposed. It has been postulated that 
these compounds interfere with membrane structure and membrane proteins in such 
a way that electron transport is uncoupled and subsequent ATP production is 
reduced or that the acids serve as uncouplers that generally dissipate pH and 
electrical gradients across cell membranes (Russell, 1992; Axe and Bailey, 1995). 
Russell (1992) hypothesised that anion accumulation is the primary toxic effect of 
organic acids. Less direct antibacterial activities have also been attributed to SCFA 
and include interference with nutrient transport, cytoplasmic membrane damage 
resulting in leakage, disruption of outer membrane permeability and influencing 
macromolecular synthesis (Ricke, 2003). 
 
OTHER EFFECTS OF SHORT-CHAIN FATTY ACIDS TOWARDS PATHOGENIC BACTERIA 
In addition to the growth inhibitory effect as described above, SCFA have also been 
found to specifically affect virulence factor expression in pathogenic bacteria. 
Salmonella enteritidis and Salmonella typhimurium showed increased invasion into 
HEp-2 and intestinal epithelial cells when grown in acetate-supplemented medium. 
However, when grown propionate- and butyrate-supplemented media invasion 
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decreased (Durant et al., 1999; Van Immerseel et al., 2003). Invasion of Salmonella 
into intestinal epithelial cells is an important step in the pathogenesis of Salmonella-
mediated enteritis and requires a set of genes encoded by the so-called Salmonella 
pathogenicity island 1 (Galán, 1996). Acetate, when converted to acetylphosphate, 
increases Salmonella pathogenicity island 1 expression through activation of the 
sensor kinase/response regulator system BarA/SirA (Lawhon et al., 2002). Butyrate, 
on the other hand, has recently been shown to specifically downregulate Salmonella 
pathogenicity island 1 gene expression by comparative transcriptome analysis, 
although the primary target of the fatty acid remains unknown (Gantois et al., 2006). 
Apart from these studies with Salmonella spp., SCFA were also found to have a 
significant effect on adhesion of Shiga toxin-producing Escherichia coli to bovine 
colonic cells in vitro (Cobbold and Desmarchelier, 2003). A reduction in colonising 
counts of Escherichia coli O157:H7 to bovine colonic explants was obtained at 
relatively high concentrations of SCFA (120 mM), irrespective of fatty acid 
composition. This suggests that under conditions where large amounts of SCFA are 
present in the gut, there may be a reduction in Shiga toxin-producing Escherichia coli 
adherence to the gut wall. 
 
EFFECTS OF SHORT-CHAIN FATTY ACIDS ON THE HOST  
Several studies, mostly in humans and other mammals, have provided evidence that 
SCFA have an important influence on colonic health. SCFA are produced by 
intestinal bacteria from carbohydrates that escape digestion in the small intestine. 
Depending on species and diet, total SCFA concentrations in the proximal colon are 
70-140 mM, falling down to 20-70 mM in the distal colon (Topping and Clifton, 2001). 
The SCFA are metabolised rapidly by colonocytes and are major respiratory fuels to 
the colonic mucosa. In particular butyrate is the preferred energy source for these 
cells. Approximately 95% of the SCFA produced by colonic bacteria is transported 
across the epithelium, but concentrations in portal blood are usually very low as a 
result of rapid utilisation (Pryde et al., 2002).  
In addition, SCFA have a role in promoting normal phenotype in colonocytes that is 
beyond the provision of metabolic substrate. It appears that butyrate and (to a lesser 
extend) propionate act to prevent the development of abnormal cell populations and 
therefore, these SCFA have been implicated in protection against colitis and 
colorectal cancer (Topping and Clifton, 2001). 
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SHORT-CHAIN FATTY ACIDS AND ACID TOLERANCE 
Enteric micro organisms prefer to grow in neutral pH environments. They 
nevertheless experience dramatic pH fluctuations in nature and during pathogenesis 
(e.g. during transit through the stomach). In response to environmental encounters 
with organic acids, these organisms have evolved complex, inducible acid survival 
strategies (Bearson et al., 1997). The most extensively studied bacteria in this 
respect are Salmonella, Shigella and Escherichia coli. 
Salmonella typhimurium possesses different low pH-inducible acid survival systems 
depending on the growth phase of the cells. A first mechanism is generally referred 
to as inducible or emergency pH homeostasis, in which inducible amino acid 
decarboxylases appear to contribute to pH maintenance (Bearson et al., 1997). One 
of these systems has been identified as lysine decarboxylase, which acts in 
collaboration with a lysine-cadaverine antiporter. The lysine decarboxylase 
carboxylates intracellular lysine to cadaverine, thereby consuming a proton. 
Cadaverine is then exchanged for fresh lysine from the environment via the lysine-
cadaverine antiporter (Park et al., 1996). In addition to these amino acid 
decarboxylases, the RpoS and Fur regulators have also been shown to be essential 
for response to organic acids. RpoS is an alternative sigma factor known to be a 
critical regulator of cell physiology, whereas Fur is usually linked to the regulation of 
bacterial iron metabolism (Rychlik and Barrow, 2005). Both regulators control the 
induction of several proteins upon organic acid exposure. However, the exact 
function of these proteins is still unclear. Several studies have shown that acid 
adaptations confer cross-resistance to a wide range of stress conditions including 
heat, salt and reactive oxygen. In contrast, adaptation to other stresses does not 
typically induce significant acid tolerance (Bearson et al., 1997).  
In Escherichia coli, three complex acid resistance systems have been described that 
are not present in Salmonella typhimurium. Two of these systems are also present in 
Shigella (Lin et al., 1995). Two fermentative mechanisms involve inducible amino 
acid carboxylases that presumably function much like the lysine decarboxylase 
system in Salmonella. The third system, found both in Escherichia coli and Shigella is 
an oxidative system that depends on σS and that does not require the presence of 
amino acids in the environment of the cells (Bearson et al., 1997). 
Although neutrophilic bacteria apparently evolved complex survival strategies to deal 
with acid stress, this will clearly be accompanied by losses of energy, which will 
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decrease the fitness of these bacteria. Consequently, in acidic environments, 
neutrophilic pathogens will have a competitive disadvantage when compared to 
acidophilic bacteria, such as lactobacilli and bifidobacteria, which are naturally more 
resistant to acid and which are generally believed to be beneficial to the host (Hsiao 
an Siebert, 1999; Tuohy et al., 2005).  
 
 
APPLICATIONS OF SHORT-CHAIN FATTY ACIDS IN ANIMAL PRODUCTION 
ADDITION OF (MICRO-ENCAPSULATED) SHORT-CHAIN FATTY ACIDS TO ANIMAL DIETS 
With the perception that antibiotics should no longer be used as animal growth 
promoters, there is currently a significant interest in SCFA as biocontrol agents in 
animal production. There are several reports describing that the addition of these 
compounds could be useful to control unwanted bacteria, such as Salmonella and 
pathogenic Escherichia coli in poultry and swine, although with varying success 
(Partanen and Mroz, 1999; Van Immerseel et al., 2006). In fact, SCFA preparations 
are already commercially available. Basically, there are two types of preparations on 
the market: uncoated and coated acid products (Van Immerseel et al., 2005). 
Uncoated products are powders or liquids that are used to supplement feed or 
drinking water. However, since the uncoated SCFA are easily absorbed by the host, 
no effects can be expected in the hind parts of the gastrointestinal tract (Thompson 
and Hinton, 1997). The SCFA can be impregnated in or coated on micropearls, from 
which they are released slowly during transport through the gastrointestinal tract. In 
these coated or encapsulated products, mineral or lipid carriers are used. The aim of 
coating or encapsulation is to carry the acids down to the intestinal tract. In this way, 
also the gut epithelial cells can be exposed to the acids, and the composition of the 
intestinal microbiota can potentially be modified in a beneficial way by the action of 
the acids (Van Immerseel et al., 2005). The major disadvantage of SCFA (especially 
butyrate) preparations is the obnoxious odour of the compounds (Sun et al., 1998). 
 
PRO- AND PREBIOTICS 
Nowadays, the health benefits of certain beneficial bacteria are the subject of 
increased research. These beneficial bacteria, or probiotics, are defined as live 
microbial feed supplements that beneficially affect the host animal by improving its 
intestinal balance (Fuller, 1989). The most intensively studied probiotics are lactic 
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acid bacteria, such as Lactobacillus spp. and Lactococcus spp., and bifidobacteria 
(Vaughan et al., 2005). One of the mechanisms by which these bacteria improve the 
host’s intestinal balance is by producing organic acids as metabolic end products 
(Teitelbaum and Walker, 2002). Table 7.1 gives some examples of SCFA production 
by (potential) probiotics.  
 
TABLE 7.1. Examples of short-chain fatty acid (SCFA) production by (potentially) probiotic bacteria. 
(Potential) probiotic SCFA produced References 
Bifidobacterium lactis and Lactobacillus 
acidophilus 
Lactic and acetic acid Gomes et al. (1998) 
Lactobacillus paracasei, Lactobacillus 
rhamnosus, Lactobacillus plantarum and 
Bifidobacterium sp. 
Propionic, butyric and 
lactic acid 
Alander et al. (1999) 
Bifidobacterium breve and Lactobacillus casei Acetic, propionic and 
butyric acid 
Sakata et al. (1999) 
Lactobacillus delbrueckii ssp. bulgaricus Lactic acid Schiraldi et al. (2003) 
Propionibacterium acidipropionici Propionic acid Chaia and Zarate (2005) 
Butyrivibrio fibrisolvens Butyric acid Ohkawara et al. (2005) 
Lactobacillus gasseri and Lactobacillus 
coryniformis 
Acetic, propionic and 
butyric acid 
Olivares et al. (2006) 
Bifidobacterium infantis Propionic, butyric and 
lactic acid 
Osman et al. (2006) 
 
Although most efforts have been directed towards human and terrestrial animal 
nutrition, probiotics (including lactic acid bacteria) have also gained significant 
interest as biocontrol agents in aquaculture (Ringø and Gatesoupe, 1998; 
Verschuere et al., 2000). Interestingly, Vázquez et al. (2005) recently found that 
inhibition of fish pathogenic vibrios by lactic acid bacteria is due to the lactic and 
acetic acid, and not the bacteriocins, that are produced. 
One of the main bottlenecks of feeding probiotics is that many of these bacteria do 
not survive passage through the digestive tract (Teitelbaum and Walker, 2002) and a 
solution to this problem has been found in the application of so-called prebiotics. 
These prebiotics are non-digestible feed ingredients, such as resistant starch and 
fructo oligosaccharides, which stimulate the growth of beneficial bacteria in the 
intestinal tract (Gibson and Roberfroid, 1995). The ability of prebiotics to selectively 
stimulate the growth of beneficial bacteria has been supported by numerous studies 
(Simmering and Blaut (2001) and references therein). Several studies also support 
the finding that the selective growth advantage can be in the expense of other 
bacteria and this is thought to be in part due to the resultant lowering of the pH 
(Teitelbaum and Walker, 2002). In this view, an interesting challenge is to identify 
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bacteria and/or substrates that improve the production of beneficial SCFA in the 
gastrointestinal tract. 
 
 
POLYHYDROXYALKANOATES: OCCURENCE, METABOLISM AND CURRENT 
APPLICATIONS 
INTRODUCTION 
Polyhydroxyalkanoates (PHA’s) are structurally simple macromolecules synthesised 
by numerous micro organisms as a carbon and energy reserve material, usually 
when an essential nutrient such as nitrogen is limited in the presence of excess 
carbon source. PHA’s are accumulated as discrete granules to levels as high as 90% 
of the cell dry weight (Anderson and Dawes, 1990). The many different PHA’s that 
have been identified to date are primarily linear, head-to-tail polyesters composed of 
β-hydroxy fatty acid monomers (Madison and Huisman, 1999). In almost all cases, 
the monomer units in PHA’s are in the R-configuration at the hydroxyl-substituted 
carbon owing to the stereospecificity of the biosynthetic enzymes (Anderson and 
Dawes, 1990). At the same C3- or β-position, an alkyl group which can vary from 
methyl to tridecyl is positioned. More than 90 different monomer units have been 
described as constituents of PHA’s, with the alkyl side chain not necessarily being 
saturated; aromatic, unsaturated, halogenated, epoxidised and branched monomers 
have been reported as well (Madison and Huisman, 1999). Of all PHA’s, poly-β-
hydroxybutyrate (PHB, Figure 7.3) is the most extensively characterised polymer 
(Lee, 1996). 
 
OH
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FIGURE 7.3. General structural formula of poly-β-hydroxybutyrate. 
 
PHA METABOLISM 
The PHB biosynthetic pathway consists of three enzymatic reactions catalysed by 
three distinct enzymes (Figure 7.4). These reactions are: (i) β-ketothiolase-mediated 
condensation of two acetyl-CoA molecules to acetoacetyl-CoA, (ii) conversion of 
acetoacetyl-CoA to 3-hydroxybutyryl-CoA by a NADPH-dependent acetoacetyl-CoA 
103-106
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reductase and (iii) polymerisation to PHB by PHB synthase (Patnaik, 2005). β-
ketothiolase is the bottleneck enzyme in this sequence of reactions because it is 
competitively inhibited by high concentrations of Coenzyme A, which is released 
when acetyl-CoA enters the Krebs cycle (Doi et al., 1988). This happens during 
balanced growth, so for production of PHB, growth limiting conditions are imposed by 
providing excess of carbon source and insufficient amounts of other nutrients (mostly 
nitrogen). Under such conditions, the acetyl-CoA concentration remains high but that 
of CoASH (or free CoA) is low, thus avoiding inhibition of β-ketothiolase activity 
(Patnaik, 2005). An important point, however, is that while more carbon and less 
nitrogen favour PHB synthesis, an overwhelming predominance of carbon over 
nitrogen is detrimental since the PHB synthesis rate decreases when nitrogen is 
absent. Experiments suggest that the optimal C:N ratio is about 20 (Patnaik, 2005). 
 
O
O
SCoA
OO
SCoA
OOHO
 
FIGURE 7.4. Biosynthetic pathway for PHB. PHB is synthesised in a three-step pathway by the 
successive action of β-ketothiolase (PhbA), acetoacetyl-CoA reductase (PhbB) and PHB polymerase 
(PhbC). The three enzymes are encoded by the genes of the phbCAB operon. Redrawn after Madison 
and Huisman (1999). 
 
PHB is just one type of PHA and not all PHA-producing bacteria use the same 
pathway for PHA biosynthesis. 3-hydroxyacyl-CoA molecules can for instance also 
be generated by removal of precursors from general fatty acid metabolism by means 
of nonspecific enoyl-CoA hydratase activity (Anderson and Dawes, 1990). The 
regulation of PHA production is quite complex since it is exerted at the physiological 
level (through cofactor inhibition of the enzymes and availability of metabolites) and 
at the genetic level (through alternative σ-factors, two-component regulatory systems 
and quorum sensing molecules) (Madison and Huisman, 1999).  
SCoA
n
β-ketothiolase acetoacetyl CoA 
reductase 
PHB polymerase 
Promoter phbC phbA phbB 
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Within the cells, PHA’s exist in a fluid, amorphous state and are stored in granules 
that are typically 0.2 to 0.5 µm in diameter and that possess a membrane coat about 
2 nm thick (Anderson and Dawes, 1990). Another level of regulation of PHA 
synthesis relates to the size of these granules (which is limited by the existing 
amount of cell wall material) and molecular weight control by levels of PHA 
polymerase and phasins (Madison and Huisman, 1999).  
As mentioned earlier, PHA’s are intracellular carbon and energy storage compounds 
and in the absence of suitable carbon or energy source, the PHA polymers are 
mobilised. The PHA degradation pathway as described in most PHA-accumulating 
bacteria begins with the depolymerisation of PHA to β-hydroxyalkanoate monomers 
by intracellular PHA depolymerase enzymes (encoded by phaZ), but the mechanism 
is still poorly understood (Kadouri et al., 2005). 
 
FERMENTATION STRATEGIES 
PHA’s are natural thermoplastic polyesters and consequently, the majority of their 
applications are as replacements for petrochemical polymers (Madison and Huisman, 
1999). Bacteria that are used for the production of PHA’s can be divided in two 
groups based on the culture conditions required for PHA synthesis (Lee, 1996). The 
first group of bacteria requires the limitation of an essential nutrient such as nitrogen, 
phosphorus, magnesium, potassium, oxygen or sulphur for the efficient synthesis of 
PHA from an excess carbon source. The second group of bacteria does not require 
nutrient limitation for PHA synthesis and can accumulate polymer during growth. 
Alcaligenes eutrophus, Azotobacter vinelandii and Pseudomonas oleovorans and 
many other bacteria belong to the first group, while some bacteria such as 
Alcaligenes latus and recombinant Escherichia coli and Klebsiella strains harbouring 
the PHA synthesis genes belong to the second group. An overview of PHB 
production by different bacteria is presented in Table 7.2. 
Either fed-batch or continuous cultivation techniques can be used for the production 
of PHA’s. For the fed-batch culture of bacteria belonging to the first group, a two-step 
cultivation method is most often employed. In the first step, the cells are grown to a 
high density; then the polymer synthesis is initiated in the second step by limiting an 
essential nutrient (Patnaik, 2005). For the fed-batch culture of bacteria belonging to 
the second group, the development of a nutrient feeding strategy is crucial to the 
success of the fermentation. Cell growth and PHA accumulation need to be balanced 
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to avoid incomplete accumulation of PHA or premature termination of fermentation at 
low cell concentrations (Lee, 1996). Another strategy that can be applied in (semi-) 
continuous systems is a so-called feast and famine regime, where the bacteria are 
submitted to consecutive periods of external substrate accessibility and unavailability 
(Serafim et al., 2004). Under these conditions, micro organisms that are able to 
quickly store available substrate and consume the storage to achieve a more 
balanced growth have a strong competitive advantage over other organisms that do 
not have this capacity (Salehizadeh and Van Loosdrecht, 2004). During the excess of 
external carbon substrate, 66-100% of the carbon uptake is driven to PHB storage 
and the remainder is used for growth and maintenance. 
 
TABLE 7.2. PHB production from various substrates by different micro organisms. 
Bacterium Substrate Culture 
method 
Cell 
conc. 
(g l-1) 
PHB 
content 
(%) 
References 
- Natural strains      
 Alcaligenes latus sucrose + 
propionate 
continuous 4.65 43 Ramsay et al. (1990) 
 Azotobacter vinelandii molasses fed-batch 33 66 Page and Cornish (1993) 
 Azotobacter chroococcum starch fed-batch 54 46 Kim (2000) 
 Azotobacter chroococcum starch batch 5.19 74 Martinez-Toledo et al. 
(1995) 
 Haloferax mediterranei starch batch 10 60 Lillo and Rodriguez-
Valera (1990) 
 Methylobacterium sp. whey batch 9.9 60 Yellore and Desai (1998) 
 Pseudomonas cepacia lactose batch 3.57 56 Young et al. (1994) 
 Pseudomonas cepacia xylose batch 2.59 60 Ramsay et al. (1995) 
 Pseudomonas sp. methanol fed-batch 233 64 Suzuki et al. (1986) 
 Ralstonia eutropha ethanol fed-batch 64 74 Alderete et al. (1993) 
 Ralstonia eutropha glucose fed-batch 164 76 Kim et al. (1994) 
 Ralstonia eutropha tapioca 
hydrolysate 
fed-batch 106 58 Kim and Chang (1995) 
       
- Recombinant strains      
 Azotobacter vinelandii glucose batch 3.9 67 Dhanasekar et al. (2003) 
 Escherichia coli (pSYL107) whey fed-batch 31 80 Kim (2000) 
 Escherichia coli (pJC5) glucose fed-batch 172 82 Choi and Lee (1999b) 
 Escherichia coli (pJC4) whey + 
lactose 
fed-batch 194 87 Ahn et al. (2001) 
 Klebsiella aerogenes molasses fed-batch 37 65 Zhang et al. (1994) 
 
At this moment, the production of PHA’s is still much more expensive when 
compared to synthetic polymers ($ 16 per kg for PHA against $ 1 for oil-derived 
plastics). The high production cost of PHA’s could be decreased by strain 
development, improving fermentation and separation processes and by using a 
cheap carbon source (Kim, 2000). In PHB production, the substrate accounts for 
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about 40% of the production cost (Choi and Lee, 1999a). Hence, the use of cheap 
carbon sources for PHA production might greatly decrease the costs. Inexpensive 
substrates that have thus far been tested for production of PHA’s by various micro 
organisms include molasses, whey, starch, lactose, tapioca hydrolysate and xylose 
(Kim, 2000).  
 
BIODEGRADATION OF PHA’S 
PHA’s differ from chemosynthetically produced polymers by their easy 
biodegradability to carbon dioxide and water. As described above, intracellular PHA 
is mobilised by intracellular PHA depolymerase, producing water soluble products 
that are then used as carbon or energy source. However, it is necessary to 
differentiate between intracellular and extracellular degradation since PHA’s in vivo 
and outside of the cells are present in two different biophysical states (Jendrossek 
and Handrick, 2002). Intracellular PHA’s (in granules) exist in an amorphous state, 
whereas the polymers crystallise upon damaging of the granules, resulting in partially 
crystalline polymers (typical degree of crystallinity is 50-60%). Intracellular PHA 
depolymerases are unable to hydrolyse crystalline PHA and consequently, different 
enzymes need to be used to degrade extracellular PHA.  
The ability to degrade extracellular PHA’s is widely distributed among bacteria and 
fungi. Aerobic and anaerobic PHA-degrading micro organisms have been isolated 
from various ecosystems and different extracellular PHA depolymerases have been 
described (Table 7.3). The physicochemical properties of PHA’s have a strong 
impact on their biodegradability. The most important factors are stereoregularity, 
crystallinity, monomeric composition and accessibility of the polymer surface 
(Jendrossek and Handrick, 2002). Depending on the enzyme, the hydrolysis products 
are monomers (as in the case of Comamonas) or oligomers (mono- to trimers). In a 
second step, the oligomers are then hydrolysed to monomers by oligomer hydrolases 
(Jendrossek, 1998). The synthesis of PHA depolymerases in bacteria is generally 
repressed if suitable soluble carbon sources such as glucose or organic acids are 
present. However, after substrate exhaustion of the soluble nutrients synthesis of 
PHA depolymerase is derepressed (Jendrossek and Handrick, 2002). At least in 
some bacteria extracellular PHA depolymerase is expressed even in the absence of 
the polymer after cessation of growth. Therefore, an induction mechanism by the 
polymer itself is not necessary (Jendrossek and Handrick, 2002).  
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TABLE 7.3. Overview of extracellular PHA-degrading micro organisms.  
Bacterium Polymerase  Topt.
(°C) 
pHopt. References 
- Gram-negative aerobic bacteria 
  Alcaligenes faecalis PHB depolymerase 55 9.0 Kita et al. (1995) 
  Comamonas testosteroni PHB depolymerase 70 8.5 Kasuya et al. (1994) 
  Pseudomonas fluorescens PHOa depolymerase 45 8.5 Schirmer et al. (1993) 
  Pseudomonas lemoignei PHB depolymerase A 
PHB depolymerase B 
PHB depolymerase C 
PHVb depolymerase 
NI NI Briese et al. (1994) 
  Pseudomonas picketii PHB depolymerase NI 6.0 Shiraki et al. (1995) 
  Pseudomonas stutzeri PHB depolymerase 55 9.5 Mukai et al. (1994) 
     
- Gram-positive aerobic bacteria 
  Streptomyces exfoliatus PHB depolymerase 40 8.5-9.0 Klingbeil et al. (1996) 
     
- Anaerobic bacteria     
  Ilyobacter delafieldii PHB depolymerase NI NI Janssen and Harfoot 
(1990) 
- Fungi 
  Paecilomyces lilacinus PHB depolymerase 45 7.0 Oda et al. (1997) 
  Penicillium funiculosum PHB depolymerase <50 6.0 Brucato and Wong (1991) 
NI: Not Indicated 
a: poly-β-hydroxyoctanoate 
b: poly- β-hydroxyvalerate 
 
 
PHA’S AS BIOCONTROL AGENTS? 
PHA’s are polymers of β-hydroxy SCFA and hence, if the polymers could be 
degraded in the gut, they could have similar beneficial effects as have been 
described for SCFA. Degradation of PHA’s can occur via one or several 
mechanisms, including enzymatic hydrolysis and chemical decomposition or 
hydrolysis (Yu et al., 2005). Abiotic decomposition of PHB is a relatively slow process 
under mild conditions and the degradation rate is affected by factors such as pH, 
temperature and polymer crystallinity.  Freier et al. (2002) found that PHB slowly 
decomposes in phosphate buffer, following first order kinetics. However, the addition 
of digestive enzymes (pancreatin) increased the decomposition from 10% to 30% 
after 12 weeks. 
It is generally believed that PHB can be chemically hydrolysed in both acidic and 
alkaline solutions. Indeed, Yu et al. (2005) noticed that monomeric products were 
released from PHB in alkaline conditions (0.1-4 N OH-) at high temperature (70°C). 
The monomeric products were not released in acidic conditions (0.1-4 N H+), which 
was attributed to a dynamic balance between bond cleavage and repair under the 
experimental conditions. The balance was shifted towards hydrolysis in concentrated 
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acid solution (80-98% H2SO4). Finally, amorphous PHB was found to decompose 30 
times faster than the crystallised polymer. 
In vivo degradation experiments in mice and rat showed that PHA implants degrade 
slowly in tissues (Saito et al., 1991; Gogolewski et al., 1993). Gogolewski reported 
15-43% degradation of poly(β-hydroxybutyrate-co-β-hydroxyvalerate) copolymers 
after 6 months. The degradation was dependent on the monomeric composition and 
the polymers with higher valerate content generally degraded most. Freier et al. 
(2002) found that about 20% of a PHB implant in rat bowel had disappeared after 1 
week. The degradation continued afterwards but slowed down, reaching 60% 
degradation after 26 weeks.  
Some reports also studied digestion of PHA’s upon passage through the 
gastrointestinal tract of animals. Forni et al. (1999c) found that untreated poly(β-
hydroxybutyrate-co-β-hydroxyvalerate) copolymer was poorly digested in pigs. In 
contrast, pre-treatment with NaOH significantly increased digestibility, with on 
average 37% of the polymer being digested. The authors suggested that the 
metabolism of the copolymer could vary depending on particle size and crystallinity. 
Consistent with this, Forni et al. (1999a) observed poor digestibility of poly(β-
hydroxybutyrate-co-β-hydroxyvalerate) in sheep in one study (only 4%), whereas the 
digestibility of the copolymer was more than tenfold higher in a second study (Forni 
et al., 1999b). The difference was attributed to the smaller particle size of the polymer 
in the second study. Moreover, it was shown that pre-treatment with NaOH (followed 
by neutralisation with HCl) led to substantial formation of monomers and decreased 
the molecular weight of the resultant polymeric fraction. Pre-treatment increased 
digestibility of the copolymer to over 85% (Forni et al., 1999b). Apart from NaOH pre-
treatment, it might also be possible to improve degradation of the polymers in the gut 
by applying PHA depolymerase-producing micro organisms (see above). All these 
strategies would result in SCFA release from the PHA polymers and therefore, PHA’s 
might prove to be effective biocontrol agents by beneficially affecting the host’s 
microbial balance in the gut in a way similar to SCFA. 
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SHORT-CHAIN FATTY ACIDS PROTECT GNOTOBIOTIC ARTEMIA 
FRANCISCANA FROM LUMINESCENT VIBRIOSIS1
 
SUMMARY 
Infections caused by antibiotic resistant luminescent vibrios can cause considerable 
losses in aquaculture. In this study, different short-chain fatty acids were investigated 
as possible alternative biocontrol agents. The addition of 100 mM formic, acetic, 
propionic, butyric or valeric acid to the growth medium of pathogenic luminescent 
vibrios completely inhibited their growth at pH 6. At 10 mM, the growth of the 
pathogens was delayed, whereas at 1 mM, no effect could be observed. The growth-
inhibitory effect was clearly pH-dependent and decreased with increasing pH. An in 
vivo challenge test with gnotobiotic Artemia franciscana nauplii revealed that all five 
short-chain fatty acids protected the shrimp from a virulent Vibrio campbellii strain. 
The addition of 20 mM of the short-chain fatty acids to the culture water resulted in a 
significantly increased survival of challenged nauplii, with no difference between the 
different fatty acids. In conclusion, our data indicate that short-chain fatty acids might 
be useful as alternative biocontrol agents to treat luminescent vibriosis. 
 
 
 
 
 
 
 
                                            
1 Redrafted after Defoirdt, T., Halet, D., Sorgeloos, P., Bossier, P. and Verstraete, W. (2006). Short-
chain fatty acids protect gnotobiotic Artemia franciscana from pathogenic Vibrio campbellii. 
Aquaculture 261: 804-808. 
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INTRODUCTION 
FAO reports consider disease outbreaks as a significant constraint to the 
development of the aquaculture sector worldwide (Subasinghe et al., 2001). 
Infections caused by luminescent vibrios are considered to be an important problem 
in the intensive rearing of molluscs, finfish, lobsters and especially shrimp, where 
mortality can be as high as 100% (Pass et al., 1987; Alvarez et al., 1998; Lavilla-
Pitogo et al., 1998; Diggles et al., 2000). Traditionally,  these problems are treated by 
applying antimicrobials. Many farmers also use antibiotics in a prophylactic way, 
even when pathogens are not evident (Moriarty, 1999). This practice has resulted in 
the development of (multiple) antibiotic resistance (Teo et al., 2000; Teo et al., 2002), 
which makes antibiotic treatments ineffective in controlling the disease (Karunasagar 
et al., 1994). Therefore, there is an urgent need for alternative control techniques. 
Several studies have shown that short-chain fatty acids inhibit the growth of yeast 
and enterobacteria such as Salmonella typhimurium, Escherichia coli and Shigella 
flexneri (Wolin, 1969; Cherrington, 1991; Sun et al., 1998; Van Immerseel et al., 
2003). Although the antibacterial mechanism(s) of these compounds are not 
completely understood, they are capable of exhibiting bacteriostatic and bactericidal 
properties depending on the physiological status of the organisms and the 
physicochemical characteristics of the external environment (Ricke et al., 2003). In 
the undissociated form, the short-chain fatty acids can pass the cell membrane of 
bacteria and dissociate in the more alkaline cytoplasm, thereby increasing the 
intracellular concentration of protons (Cherrington et al., 1991). Consequently, the 
cells have to spend energy in order to maintain the intracellular pH at the optimal 
level. This energy cannot be used for other metabolic processes and therefore, 
growth of the cells is inhibited.  
In this study, we investigated the bacteriostatic capacities of short-chain fatty acids in 
vitro towards luminescent vibrios and we aimed at testing whether these compounds 
could be useful as new biocontrol agents to control luminescent vibriosis. 
 
 
RESULTS 
EFFECT OF SHORT-CHAIN FATTY ACIDS ON GROWTH OF LUMINESCENT VIBRIOS 
In an initial experiment, we investigated the effect of formic, acetic, propionic, butyric 
and valeric acid on the growth of the shrimp pathogens Vibrio campbellii LMG21363 
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and Vibrio harveyi BB120 in liquid growth medium. At pH 6, all fatty acids completely 
inhibited the growth of Vibrio campbellii at a concentration of 100 mM (Figure 8.1).  
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FIGURE 8.1. Growth of Vibrio campbellii LMG21363 (OD600) in LB medium at pH 6 with and without 
different short-chain fatty acids, added at different concentrations. The fatty acids tested were formic 
acid (panel A), acetic acid (panel B), propionic acid (panel C), butyric acid (panel D) and valeric acid 
(panel E). The data points are the mean values of 3 replicates. Symbols are : no fatty acid; 
: 1 mM, : 10 mM, : 100 mM. 
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There was no effect on growth of the pathogen at 1 mM and at 10 mM, the growth of 
the strain was not completely inhibited but showed a longer lag phase than without 
fatty acids. Similar effects were observed for Vibrio harveyi BB120 (Figure 8.2) 
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FIGURE 8.2. Growth of Vibrio harveyi BB120 (OD600) in LB medium at pH 6 with and without different 
short-chain fatty acids, added at different concentrations. The fatty acids tested were formic acid 
(panel A), acetic acid (panel B), propionic acid (panel C), butyric acid (panel D) and valeric acid (panel 
E). The data points are the mean values of 3 replicates. Symbols are : no fatty acid; 
: 1 mM, : 10 mM, : 100 mM. 
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In a second in vitro experiment, we studied the influence of pH on the growth-
inhibitory activity of formic and valeric acid. For both fatty acids (at a concentration of 
20 mM), the growth-inhibitory effect clearly decreased with increasing pH. At pH 5, 
growth was completely inhibited; at pH 6, growth was delayed and at pH 7, no 
inhibition could be observed. The results for valeric acid are shown in Figure 8.3.  
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FIGURE 8.3. Growth of Vibrio campbellii LMG21363 (OD600) in LB medium at pH 5, 6 or 7, with and 
without 20 mM valeric acid. The data points are the mean values of 3 replicates. Symbols are 
: Control, pH 5; : Control, pH 6; : Control, pH7; : 
Valerate, pH 5; : Valerate, pH 6; : Valerate, pH 7. 
 
 
EFFECT OF THE SHORT-CHAIN FATTY ACIDS ON SURVIVAL OF ARTEMIA NAUPLII CHALLENGED 
TO VIBRIO CAMPBELLII LMG21363 
Since the short-chain fatty acids were found to inhibit the growth of Vibrio campbellii 
LMG21363, we investigated whether these compounds could protect Artemia nauplii 
from the pathogen in an in vivo challenge test. The fatty acids significantly enhanced 
the survival of challenged nauplii, with no significant difference between the different 
fatty acids (Table 8.1).  
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TABLE 8.1. Percentage survival of Artemia nauplii (mean ± standard error of three replicates) after 2 
days challenge with Vibrio campbellii LMG21363. The short-chain fatty acids were added to the 
Artemia culture water at the start of the experiment.  
Treatment Survival (%) 
Control 85 ± 3 
LMG21363 20 ± 3 
LMG21363 + formic acid (20 mM) 45 ± 5 * 
LMG21363 + acetic acid (20 mM) 48 ± 7 * 
LMG21363 + propionic acid (20 mM) 48 ± 6 * 
LMG21363 + butyric acid (20 mM) 42 ± 2 ** 
LMG21363 + valeric acid (20 mM) 47 ± 7 * 
*: Significant difference in survival with challenged nauplii without the 
addition of fatty acid (P < 0.05) 
**: Significant difference in survival with challenged nauplii without the 
addition of fatty acid (P < 0.01) 
 
Further increasing the fatty acid concentration to 100 mM did not further increase the 
survival of the nauplii (data not shown).  
 
 
DISCUSSION 
The aim of this study was to evaluate short-chain fatty acids as possible new 
biocontrol agents for aquaculture, using Artemia franciscana as a model. In a first 
series of experiments, the bacteriostatic capacities of formic, acetic, propionic, butyric 
and valeric acid towards the shrimp pathogens Vibrio campbellii LMG21363 and 
Vibrio harveyi BB120 were determined. At pH 6, all fatty acids completely inhibited 
the growth of the vibrios at a concentration of 100 mM and at  10 mM, the growth of 
the strain was not completely inhibited but showed a longer lag phase than without 
fatty acids. These data indicate that the concentrations of short-chain fatty acids 
needed to inhibit the growth of luminescent vibrios are in the same order as those for 
enteric bacteria. Indeed, Wolin (1969) reported a partial inhibition of the growth of 
Escherichia coli by approximately 10 mM of short-chain fatty acid at pH 6 and Van 
Immerseel et al. (2003) also reported that growth of Salmonella typhimurium was 
completely inhibited by 100 mM fatty acid at pH 6. Furthermore, the growth-inhibitory 
effect was shown to be clearly pH-dependent. Similar pH-dependent effects have 
been reported for the inhibition of the growth of Escherichia coli, and Salmonella 
typhimurium by short-chain fatty acids (Wolin, 1969; McHan and Shotts, 1993; Van 
Immerseel et al., 2003). The pH-dependence can be explained by the fact that the 
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fatty acids can pass the cell membrane only in their undissociated form, which is 
more dominant at lower pH (Sun et al., 1998). 
Since the short-chain fatty acids were found to inhibit the growth of Vibrio campbellii 
LMG21363, we investigated whether addition of these compounds to Artemia 
cultures could protect the shrimp from this virulent pathogen. All short-chain fatty 
acids tested were shown to significantly increase the survival of challenged nauplii. 
We presume that the addition of the short-chain fatty acids to the culture water 
limited pathogen colonisation by conversion of the acids into their respective 
antibacterial forms in the digestive tract of Artemia. However, apart from inhibiting the 
growth of Vibrio campbellii, the protection offered by the short-chain fatty acids might 
also be due to a feed effect. Indeed, it has been shown before that the susceptibility 
of Artemia nauplii to pathogenic bacteria decreases if they are fed a better quality 
feed (Marques et al., 2005). Short-chain fatty acids are known to provide mammals 
(and especially the mammalian colonic mucosa) with energy (Topping and Clifton, 
2001), which might also be the case for Artemia. However, we did not observe higher 
survival in starved nauplii treated with short-chain fatty acids when compared to 
untreated nauplii (data not shown), which indicates that the energy obtained from the 
fatty acids is rather limited. 
Short-chain fatty acids have previously been shown to inhibit or decrease the growth 
of Salmonella in chickens (Waldroup et al., 1995; van der Wielen et al., 2000; Van 
Immerseel et al., 2005). In fact, these compounds are already used in commercial 
mixtures to control Salmonella in poultry (Van Immerseel et al., 2002). Interestingly, 
Vázquez et al. (2005) have recently shown that acetic acid had an inhibitory effect 
towards Vibrio alginolyticus, Vibrio pelagius and Vibrio anguillarum. Our data indicate 
that short-chain fatty acids might also be useful for controlling luminescent vibriosis in 
aquaculture. However, it would economically and practically not be feasible to dose 
the fatty acids in the culture water of an aquaculture system since the effective 
concentrations are rather high. Therefore, further research will be necessary in order 
to provide more elegant methods to deliver the short-chain fatty acids to the digestive 
tract of the animals. One possibility could be the application of microencapsulated 
fatty acid particles (as used in poultry diets; Van Immerseel et al., 2005). 
Unfortunately, we were not able to test the microencapsulated fatty acid particles 
used in poultry diets in our model system since those particles are too large to be 
ingested by Artemia. 
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EXPERIMENTAL PROCEDURES 
EFFECT OF THE SHORT-CHAIN FATTY ACIDS ON GROWTH OF LUMINESCENT VIBRIOS 
Formic, acetic, propionic, butyric and valeric acid were obtained from Sigma-Aldrich 
(Bornem, Belgium) and dissolved in LB-medium at different concentrations (1, 10 and 
100 mM). The pH of the solutions was adjusted to 6 after which they were filter 
sterilised. The sterile media were inoculated with a Vibrio culture (diluted to an OD600 
of 1) at 20 µl culture of per ml medium. The suspensions were incubated at 28°C for 
10h and the optical density (600 nm) was measured every hour. In a second 
experiment, 20 mM solutions of formic and valeric acid in LB-medium were prepared 
after which the pH was adjusted to 5, 6 or 7, respectively. The solutions were 
inoculated with the vibrios and incubated at 28°C for 15h. Again, the optical density 
(600 nm) was measured every hour. 
 
IN VIVO CHALLENGE TESTS 
In vivo challenge tests were performed as described previously (see Chapter 3). 
Briefly, Artemia cysts were decapsulated and hatched for 30h at 28°C. After 
hatching, groups of 20 nauplii were transferred to sterile falcon tubes containing a 
sterile 20 mM solution of the short-chain fatty acids in filtered and autoclaved artificial 
seawater (pH was adjusted to 7). The nauplii were fed with an autoclaved 
suspension of Aeromonas hydrophila LVS3 (at approx. 107 CFU ml-1) and Vibrio 
campbellii LMG21363 was added to the culture water at approx. 105 CFU ml-1. The 
falcon tubes with the nauplii were incubated on a rotor at 28°C and Artemia survival 
was measured 2 days after the addition of the pathogen. 
 
STATISTICS 
Different treatments were compared by independent samples t-tests, using the SPSS 
software, version 12.0. Differences were considered significant if the P- value of the 
t-test was below 0.05. 
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THE BACTERIAL STORAGE COMPOUND POLY-Β-
HYDROXYBUTYRATE PROTECTS ARTEMIA FRANCISCANA FROM 
PATHOGENIC VIBRIO CAMPBELLII1
 
SUMMARY 
Infections caused by antibiotic resistant luminescent vibrios can cause dramatic 
losses in aquaculture. In this study, the short-chain fatty acid ß-hydroxybutyrate and 
its polymer poly-ß-hydroxybutyrate were investigated as possible new biocontrol 
agents. ß-hydroxybutyrate was shown to completely inhibit the growth of pathogenic 
Vibrio campbellii at 100 mM. Moreover, the addition of 100 mM of this fatty acid to 
the culture water of Artemia nauplii challenged to the Vibrio campbellii strain 
significantly increased the survival of the nauplii. Since Artemia is a non-selective 
and particle filter feeder, we also investigated whether poly-ß-hydroxybutyrate 
particles could be used to protect Artemia from the pathogenic Vibrio campbellii. The 
addition of 100 mg l-1 poly-ß-hydroxybutyrate or more to the Artemia culture water 
offered a significant protection from the pathogen since a significantly enhanced 
survival was noticed. If added as a preventive treatment, a complete protection of 
challenged nauplii (no significant mortality compared to unchallenged nauplii) was 
observed at 1000 mg l-1 poly-ß-hydroxybutyrate. Our data indicate that the use of 
poly-ß-hydroxybutyrate might constitute an ecologically and economically sustainable 
alternative strategy to fight infections in aquaculture. 
 
 
                                            
1 Redrafted after Defoirdt, T., Halet, D., Vervaeren, H., Boon, N., Van de Wiele, T., Sorgeloos, P., 
Bossier, P. and Verstraete, W. (2007). The bacterial storage compound poly-β-hydroxybutyrate 
protects Artemia franciscana from pathogenic Vibrio campbellii. Environmental Microbiology 9: 445-
452.  
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INTRODUCTION 
Disease outbreaks are considered to be a significant constraint to the development of 
the aquaculture sector (Subasinghe et al., 2001). Infections caused by luminescent 
vibrios can cause dramatic losses in the intensive rearing of molluscs, finfish, 
lobsters and especially shrimp (Pass et al., 1987; Alvarez et al., 1998; Lavilla-Pitogo 
et al., 1998; Diggles et al., 2000; Zhang and Austin, 2000). The frequent use of 
antibiotics in order to control these bacteria has resulted in the development of 
(multiple) resistance (Teo et al., 2000; Molina-Aja et al., 2002; Teo et al., 2002) and 
consequently, these compounds are ineffective in controlling luminescent vibriosis 
(Karunasagar et al., 1994). Therefore, there is an urgent need for alternative control 
techniques. 
Several studies have shown that short-chain fatty acids inhibit the growth of yeast 
and enterobacteria such as Salmonella typhimurium, Escherichia coli and Shigella 
flexneri (Bergeim, 1940; Wolin, 1969; Cherrington, 1991; Bearson et al., 1997; Sun et 
al., 1998; Van Immerseel et al., 2003). In fact, short-chain fatty acids are already 
used in commercial mixtures to control Salmonella in poultry (Van Immerseel et al., 
2002). In the undissociated form, the short-chain fatty acids can pass the cell 
membrane of bacteria and dissociate in the more alkaline cytoplasm, thereby 
increasing the intracellular concentration of protons (Kashket, 1987; Cherrington et 
al., 1991). Consequently, the cells have to spend energy in order to maintain the 
intracellular pH at the optimal level. This energy cannot be used for other metabolic 
processes and therefore, growth of the cells is inhibited.  
A wide variety of micro organisms are known to produce polymers of the fatty acid ß-
hydroxybutyrate as an intracellular energy and carbon storage compound (Anderson 
and Dawes, 1990; Madison and Huisman, 1999). Poly- ß-hydroxybutyrate (PHB) is 
deposited intracellularly in the form of inclusion bodies in a fluid, amorphous state 
(Amor et al., 1991). After death and cell lysis, the polymer is released in a partially 
crystalline state (Doi, 1995). The ability to degrade extracellular PHB depends on the 
secretion of extracellular PHB depolymerase enzymes and is widely distributed 
among bacteria and fungi (Jendrossek, 1998; Jendrossek and Handrick, 2002). The 
extracellular PHB depolymerase of Comamonas testosteroni is well characterised; 
the enzyme was found to hydrolyse PHB into ß-hydroxybutyrate monomers (Mukai et 
al., 1993; Kasuya et al., 1994; Shinomiya et al., 1997).  Apart from microbial 
degradation, PHB has also been shown to be degraded in animal tissues (Saito et 
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al., 1991; Gogolewski et al., 1993; Freier et al., 2002) and to be hydrolysed under 
acidic and alkaline conditions (Yu et al., 2005). 
In this study, we investigated whether ß-hydroxybutyrate could inhibit the growth of a 
pathogenic Vibrio campbellii strain and whether the addition of this fatty acid to the 
culture water could improve the survival of challenged Artemia nauplii. Since Artemia 
is a non-selective and particle filter feeder grazing on particles with a diameter 
preferentially smaller than 50 µm (Sorgeloos et al., 1986), we also investigated 
whether PHB particles (with an average diameter of 30 µm) could be used to deliver 
ß-hydroxybutyrate to the Artemia gut and whether this would result in a protection 
from the pathogenic Vibrio campbellii. 
 
 
RESULTS 
THE EFFECT OF Β-HYDROXYBUTYRATE ON GROWTH OF VIBRIO CAMPBELLII LMG21363 
The short-chain fatty acid β-hydroxybutyrate was tested for its ability to inhibit the 
growth of the pathogenic strain Vibrio campbellii LMG21363. At pH 6, the growth of 
the strain was completely inhibited if the medium was supplemented with 100 mM β-
hydroxybutyrate (Figure 9.1 A). The growth of Vibrio campbellii was not completely 
inhibited in the presence of lower concentrations of the fatty acid. However, the 
growth rate was clearly lower than for the control and inversely related to the 
concentration of β-hydroxybutyrate.  
Butyrate was used as a reference fatty acid since its growth-inhibitory effect is well 
documented and since it has approximately the same pKa value as β-
hydroxybutyrate. The inhibition of growth by butyrate was more pronounced than by 
β-hydroxybutyrate. At pH 6, the growth of the pathogen was completely inhibited 
even at the lowest concentration (25 mM; Figure 9.1 B). The growth inhibitory effect 
of both fatty acids was clearly pH-dependent since at pH 7, growth of the pathogen 
was only inhibited in medium supplemented with the highest concentration of 
butyrate and at pH 8, no inhibition was observed (data not shown). 
 
THE EFFECT OF Β-HYDROXYBUTYRATE ON THE SURVIVAL OF ARTEMIA NAUPLII CHALLENGED 
TO VIBRIO CAMPBELLII LMG21363 
In a first in vivo challenge test, the effect of β-hydroxybutyrate on the survival of 
Artemia nauplii challenged to the pathogenic strain Vibrio campbellii LMG21363 was 
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investigated. The fatty acid significantly enhanced the survival of the challenged 
nauplii when added at a concentration of 100 mM (Table 9.1). The survival of the 
nauplii with 25 mM β-hydroxybutyrate was also higher than the survival of challenged 
nauplii without fatty acid. However, the difference was not significant due to a high 
variation. 
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FIGURE 9.1. Growth of Vibrio campbellii LMG21363 (OD600) at pH 6 in the presence of β-
hydroxybutyrate (panel A) or butyrate (panel B). The data points are the mean values of 3 replicates 
and are representative of 2 independent experiments. 
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Butyrate, which was again used as a reference, significantly enhanced the survival of 
the challenged nauplii for both concentrations tested (Table 9.1). Both fatty acids had 
no effect on the survival of unchallenged nauplii, although treated nauplii were visibly 
larger (data not shown). 
 
TABLE 9.1. Percentage survival of Artemia nauplii (mean ± standard error of three replicates) after 2 
days challenge with Vibrio campbellii LMG21363. β-hydroxybutyrate or butyrate were added at 25 or 
100 mM to the Artemia culture water at the start of the experiment.  
Treatment Survival (%) 
Control 80 ± 3 
LMG21363 
 
12 ± 2 
LMG21363 + β-hydroxybutyrate (25 mM) 38 ± 15 
LMG21363 + β-hydroxybutyrate (100 mM) 
 
40 ± 3 * 
LMG21363 + butyrate (25 mM)  48 ± 2 * 
LMG21363 + butyrate (100 mM) 50 ± 5 * 
*: Significant difference in survival with challenged nauplii without 
the addition of fatty acid (P < 0.01) 
 
THE EFFECT OF PHB PARTICLES ON THE SURVIVAL OF STARVED ARTEMIA NAUPLII 
A starvation test was performed in order to verify whether Artemia could obtain 
energy from PHB particles, which would indicate that the particles are degraded in 
the intestinal tract of the nauplii. The addition of PHB to the culture water resulted in 
a prolonged survival of the nauplii. Two different feeding regimes were applied: no 
feed or an autoclaved suspension of LVS3 bacteria. In the treatments without LVS3, 
there was a significant difference in survival between the treatment with and the one 
without PHB after 1, 2  and 3 days of starvation (Figure 9.2 A). The nauplii fed with 
LVS3 survived longer than unfed nauplii. In this case, there was a significant 
difference in survival between the treatment with and the one without PHB after 2, 3  
and 4 days of starvation (Figure 9.2 B). PHB-fed nauplii were visibly larger than 
control nauplii, both in the treatments with and without LVS3. These observations 
indicate that the nauplii can obtain energy from the PHB particles and therefore, the 
PHB must (at least partially) be degraded in the gut.  
Microscopic analysis of LVS3 fed nauplii after 2 days of starvation showed that the 
gut of nauplii in the treatment without PHB was empty (Figure 9.3 A), whereas in the 
treatment with PHB, the gut was almost completely filled (Figure 9.3 B). 
Epifluorescence images of Nile Blue A stained nauplii showed that the gut content of 
PHB-treated nauplii was brightly fluorescent (Figure 9.3 D) and could clearly be 
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distinguished from the (auto)fluorescence of the nauplii (Figure 9.3 C), which 
indicates that the gut content had a high PHB concentration.  
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FIGURE 9.2. Survival of starved Artemia nauplii (mean ± standard error of three replicates) with 1000 
mg l-1 PHB and without PHB. The nauplii were either not fed (panel A) or fed with autoclaved LVS3 
bacteria at the start of the experiment (panel B). 
 
BACTERIAL DEPOLYMERISATION OF PHB PARTICLES 
The results of the in vivo starvation test indicate that PHB particles are (at least 
partially) degraded in the gut of Artemia nauplii. However, enhancing the PHB 
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degradation might still improve the protection from the virulent Vibrio campbellii 
isolate. In order to investigate the effect of enhanced depolymerisation of PHB, we 
decided to apply extracellular PHB depolymerase producing bacteria. Since 
Comamonas testosteroni has been reported before to be able to produce this 
enzyme, different Comamonas testosteroni strains were screened for PHB 
depolymerisation by streaking them onto agar containing PHB particles as the sole 
C-source and checking for the formation of a clearing zone. Comamonas testosteroni 
LMG19554 showed excellent PHB depolymerase activity since a clearing zone was 
present around the colonies already after 1 day of incubation. After 2 days of 
incubation, a large clearing zone with complete clearing of the medium was observed 
(Figure 9.4). Extracellular PHB depolymerase production was also assessed for 
Vibrio campbellii LMG21363. However, no clearing of the medium could be observed 
(data not shown). 
 
 
 
FIGURE 9.3. Representative light (upper row) and epifluorescence microscopy (lower row) images of 
Nile Blue A stained Artemia nauplii after 2 days of starvation without (panels A and C) and with 
(panels B and D) PHB, added to the culture water at 1000 mg l-1 at the start of the experiment. Bar = 
250 µm. 
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THE EFFECT OF PHB PARTICLES ON THE SURVIVAL OF ARTEMIA NAUPLII CHALLENGED TO 
VIBRIO CAMPBELLII LMG21363 
rom the pathogenic Vibrio campbellii. The survival of 
A last in vivo experiment aimed at testing whether the addition of PHB particles 
would result in a protection f
challenged Artemia nauplii was found to be proportional to the concentration of PHB 
added to the culture water (Table 9.2).  
 
 
FIGURE 9.4. PHB depolymerisation by Comamonas testosteroni LMG19554 after 2 days of incubation 
at 28°C. Clearing of the medium around the growing strain indicates the hydrolysis of PHB into water 
an ± standard error of three replicates) after 2 
ays challenge with Vibrio campbellii LMG21363. PHB particles were added to the culture water either 
soluble products by extracellular PHB depolymerase. 
 
TABLE 9.2. Percentage survival of Artemia nauplii (me
d
at the start of the experiment (with or without the extracellular PHB depolymerase producing strain 
Comamonas testosteroni LMG19554) or after 1 day. 
Treatment Survival (%) 
 with
Control 
out Comamonas with Comamonas 
87 ± 3 NT 
LMG21363 
 
17 ± 2 18 ± 2 
63 + PHB (10 mg l-1; start) 2
g l-1; start)   
MG21363 + PHB (1000 mg l-1; start) 90 ± 3 * 92 ± 3 * 
MG21363 + PHB (1000 mg l-1; day 1) 60 ± 6 * NT 
ith challenged without the add  of PHB 
LMG213 22 ± 4 0 ± 5 
LMG21363 + PHB (100 m 40 ± 3 * 62 ± 4 *
L
 
LMG21363 + PHB (10 mg l-1; day 1) 18 ± 7 NT 
LMG21363 + PHB (100 mg l-1; day 1) 38 ± 2 * NT 
L
*: Significant difference in survival w  nauplii ition
(P < 0.01) 
NT: Not Tested 
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The addition of PHB together with the pathogen significantly enhanced the survival of 
s were added 1 day after the addition of the pathogen, a similar but 
ISCUSSION 
we evaluated the short-chain fatty acid β-hydroxybutyrate and its 
rio 
the challenged nauplii when added at 100 mg l-1 and 1000 mg l-1. A complete 
protection (no significant difference in survival with unchallenged nauplii) was 
observed at the highest concentration. The PHB depolymerising strain Comamonas 
testosteroni LMG19554 was added in order to study the effect of an enhanced PHB 
depolymerisation and the strain significantly improved the performance of the PHB at 
100 mg l-1.  Importantly, it had no effect on the survival of challenged nauplii in the 
absence of PHB. 
If the PHB particle
less pronounced effect was noticed (Table 9.2). The addition of PHB significantly 
enhanced the survival of the challenged nauplii when added at 100 mg l-1 and 1000 
mg l-1 as was the case if the particles were added together with Vibrio campbellii 
LMG21363. However, there was still significant mortality in challenged Artemia 
treated with 1000 mg l-1 PHB. 
  
 
D
In this study, 
polymer PHB as possible new biocontrol agents for aquaculture, using Artemia 
challenged to a pathogenic Vibrio campbellii strain as a model. The strain used in our 
model system, Vibrio campbellii LMG21363, is as far as we know the most virulent 
Artemia pathogen reported thus far. In a first experiment, β-hydroxybutyrate was 
found to be able to inhibit the growth of the virulent Vibrio campbellii strain in vitro. 
The inhibition was clearly pH-dependent since at a pH of 7 or higher, no inhibition 
was observed. Similar pH-dependent effects have been reported for the inhibition of 
the growth of Salmonella enteritidis and Salmonella typhimurium by short-chain fatty 
acids (McHan and Shotts, 1993; Durant et al., 2000; Van Immerseel et al., 2003). 
The pH- dependent effect can be explained by the fact that the fatty acids can pass 
the cell membrane only in their undissociated form (Sun et al., 1998), which will be 
more dominant at lower pH (according to the Henderson-Hasselbach equation).   
Since β-hydroxybutyrate and butyrate were found to inhibit the growth of Vib
campbellii LMG21363, a first in vivo challenge test aimed at investigating whether 
both fatty acids could protect Artemia nauplii from the pathogen. The addition of 100 
mM of the fatty acids to the Artemia culture water significantly increased the survival 
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of challenged nauplii. Apart from inhibiting the growth of Vibrio campbellii, the 
protection offered by the short-chain fatty acids might partially be explained by a feed 
effect since it has been shown before that that the susceptibility of Artemia nauplii to 
pathogenic bacteria decreases if they are fed a better quality feed (Marques et al., 
2005). Indeed, butyrate and β-hydroxybutyrate addition resulted in visibly larger 
nauplii, and consistent with this, Weltzien et al. (2000) also reported that Artemia can 
use β-hydroxybutyrate as energy source. 
The effective fatty acid concentrations are rather high and consequently it would 
hesize that the PHB particles are (partially) degraded into β-
economically not be feasible to dose the fatty acids in the culture water of an 
aquaculture system in order to protect the animals. Consequently, we searched for a 
more elegant method to deliver the fatty acids into the gut. Artemia is a non-selective 
and particle filter feeder (Sorgeloos et al., 1986) and therefore, we investigated 
whether PHB particles could be used for this purpose. An in vivo challenge test with 
PHB particles revealed that the survival of Artemia nauplii challenged to Vibrio 
campbellii LMG21363 was proportional to the PHB concentration in the culture water, 
with a significantly improved survival at 100 mg l-1 and 1000 mg l-1. If added as a 
preventive treatment, a complete protection (no significant difference in survival with 
unchallenged nauplii) was observed at the highest PHB concentration tested. 
Interestingly, the addition of PHB to the culture water also showed to have some 
curative properties since the addition of PHB 1 day after the addition of the pathogen 
also resulted in a significant protection. However, the protection was less pronounced 
than if the PHB was added together with the pathogen since there was still significant 
mortality at the highest concentration tested. As far as we know, this is the first report 
showing that the bacterial storage compound PHB can be used to control bacterial 
infections. 
We hypot
hydroxybutyrate in the Artemia gut and that the release of this fatty acid protects the 
nauplii from the pathogen in two ways, i.e. by providing the nauplii from energy and 
by inhibiting the growth of the pathogen (see higher). Unfortunately, we were not able 
to detect β-hydroxybutyrate in the Artemia nauplii due to their small dimensions and 
although the particles were not sterile, no degradation of the polymer could be 
observed even after prolonged incubation of mineral medium containing the particles 
as the sole source of carbon. However, the fact that the addition of PHB particles to 
the culture water resulted in a significantly prolonged survival of starved nauplii 
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confirms the hypothesis of PHB degradation in vivo. Indeed, in order to provide the 
nauplii with energy, the particles must have been (partially) degraded into water-
soluble products (i.e. β-hydroxybutyrate monomers and oligomers). In fact, if we 
assume that accumulation of PHB particles in the gut leaves open only 10% of the 
gut volume for a liquid phase then only about 0.1% of the PHB needs to be degraded 
into β-hydroxybutyrate in order to yield a concentration that is growth-inhibitory 
towards Vibrio campbellii. This value is probably an overestimation since the volume 
left open by the particles was usually smaller than 10% (see microscopic images). 
Nevertheless, a degradation of 0.1% is quite possible if compared to what has been 
found in vivo in rat tissues (Gogolewski et al., 1993). Moreover, the presence of 
digestive enzymes has been shown to increase the degradation of PHB about 
threefold (Freier et al., 2002). However, further research is needed in order to verify 
by which mechanism PHB is degraded in the shrimp gut (i.e. enzymatic and/or 
physico-chemical). 
If compared to β-hydroxybutyrate, the addition of PHB particles was about 100 times 
at short-chain fatty acids with a growth-inhibitory 
more efficient. Indeed, only 100 mg l-1 PHB was needed to obtain a similar effect as 
was observed with 100 mM (≈ 10 g l-1) β-hydroxybutyrate (Tables 9.1 and 9.2). An 
even higher effect was obtained by the addition of the PHB depolymerase producing 
strain Comamonas testosteroni LMG19554 together with the PHB particles, which 
can be explained by an improved release of  β-hydroxybutyrate. Importantly, the 
Comamonas testosteroni strain had no effect on the survival of challenged Artemia in 
the absence of PHB, excluding any other protective effect. The particles used in this 
study had an average diameter of 30 µm. However, the release of β-hydroxybutyrate 
might be more efficient if the PHB particles were smaller (resulting in a higher 
surface/mass ratio) and therefore, the effect might still be improved by adding smaller 
particles. We are currently investigating whether it would be possible to use PHB-
accumulating bacteria (without extraction of the polymer) for this purpose since the 
PHB is present in a much smaller size inside these bacteria (< 1 µm; Anderson and 
Dawes, 1990). The use of these bacteria might constitute an economically interesting 
biocontrol strategy for aquaculture. 
In conclusion, our results indicate th
effect towards pathogenic bacteria might be useful to treat bacterial infections in 
aquaculture. Furthermore, formulating the short-chain fatty acid β-hydroxybutyrate as 
a polymer, the well-known bacterial storage compound PHB, resulted in a more 
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efficient protection. This indicates that the addition of PHB (or PHB-accumulating 
bacteria) might constitute an ecologically and economically sustainable alternative 
anti-infective strategy for aquaculture 
 
 
EXPERIMENTAL PROCEDURES 
DITIONS 
; Soto-Rodriguez et al., 2003a) and 
HE EFFECT OF Β-HYDROXYBUTYRATE AND BUTYRATE ON THE GROWTH OF VIBRIO 
1363 was grown overnight in LB medium on a shaker at 28°C. 
XTRACELLULAR PHB DEPOLYMERASE ASSAY 
n was assessed in a qualitative way by 
of a clearing zone around the colonies. 
BACTERIAL STRAINS AND GROWTH CON
Vibrio campbellii LMG21363 (= PN9801
Comamonas testosteroni LMG19554 (= I2; Boon et al., 2000) were obtained from the 
BCCM/LMG Bacteria Collection (Ghent, Belgium). Vibrio campbellii LMG21363 and 
Aeromonas hydrophila LVS3 (Verschuere et al., 1999) were grown in Marine Broth 
(Difco Laboratories, Detroit, USA). Comamonas testosteroni LMG19554 was grown 
in LB medium. All strains were grown at 28°C with shaking (100 rotations min-1). 
 
T
CAMPBELLII LMG21363 
Vibrio campbellii LMG2
Subsequently, the suspension was diluted 1:50 (v/v) in LB medium supplemented 
with butyrate (Sigma-Aldrich, Bornem, Belgium) or β-hydroxybutyrate (Sigma-Aldrich, 
Bornem, Belgium). For each compound, three solutions were made with the following 
concentrations: 25, 50 and 100 mM. LB medium without supplements was used as a 
control. The pH of all solutions was adjusted to respectively 6, 7 or 8. After 
inoculation, the suspensions were incubated at 28°C in a static mode. Growth was 
monitored by measuring the optical density (OD600) during 20 h. Each treatment was 
performed in triplicate. 
 
E
Extracellular PHB depolymerase productio
streaking strains on solid medium containing PHB particles as the sole C-source. The 
medium used in the experiments contained 500 mg l-1 PHB particles (average 
diameter 30 µm; Goodfellow, Huntingdon, UK), 1 g l-1 NH4Cl, 1 g l-1 KNO3, 5 g l-1 
artificial sea salt (Aquarium Systems Inc., Sarrebourg, France) and 15 g l-1 agar. The 
plates were incubated for up to 4 days at 28°C and examined daily for the presence 
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AXENIC HATCHING OF ARTEMIA FRANCISCANA 
All challenge tests were performed with high quality hatching cysts of Artemia 
 Aquaculture, Baasrode, Belgium). Two 
ibrio campbellii LMG21363 was stored in 40% glycerol at -80°C. Ten µl of this 
h (Difco Laboratories, Detroit, 
A), suspended in sterile 
he 
fter hatching, groups of 20 nauplii were transferred to new sterile 50 ml falcon tubes 
red and autoclaved artificial seawater. Autoclaved LVS3 
franciscana (EG® Type, batch 6940, INVE
hundred mg of cysts were hydrated in 18 ml of tap water during 1 h. Sterile cysts and 
nauplii were obtained via decapsulation, adapted from the protocol described by 
Marques et al. (2004). Briefly, 660 µl of NaOH (32%) and 10 ml of NaOCl (50%) were 
added to the hydrated cyst suspension. The decapsulation was stopped after 2 min 
by adding 14 ml of Na2S2O3 (10 g l-1). During the reaction, 0.22 µm filtered aeration 
was provided. The decapsulated cysts were washed with autoclaved artificial 
seawater containing 35 g l-1 of Instant Ocean synthetic sea salt (Aquarium Systems 
Inc., Sarrebourg, France). The cysts were resuspended in a 50 ml tube containing 30 
ml of filtered and autoclaved artificial seawater and hatched for 30 h on a rotor (4 
min-1) at 28°C with constant illumination (approximately 2000 lux).  
 
PREPARATION OF THE INOCULA FOR IN VIVO EXPERIMENTS 
V
stored culture was inoculated into fresh Marine Brot
USA) and incubated overnight at 28°C under constant agitation (100 min-1). The 
grown cultures of Vibrio campbellii were washed in autoclaved artificial seawater and 
added to the Artemia culture water at approx. 105 CFU ml-1. 
Aeromonas hydrophila LVS3 was used as feed for the nauplii. The strain was grown 
overnight on Marine Agar (Difco Laboratories, Detroit, US
artificial seawater and added to the Artemia culture water at approx. 107 cells ml-1. 
Comamonas testosteroni LMG19554 was grown for 24 h in Marine Broth (Difco 
Laboratories, Detroit, USA), washed in sterile artificial seawater and added to t
Artemia culture water at approx. 107 CFU ml-1. 
 
STARVATION EXPERIMENT 
A
containing 20 ml of filte
bacteria (approx. 107 cells ml-1) and/or PHB particles (1000 mg l-1; average diameter 
30 µm; Goodfellow, Huntingdon, UK) were added to the culture water. The falcon 
tubes were put back on the rotor and kept at 28°C. The survival of Artemia was 
scored daily during a period of 3 or 4 days for non-fed or fed nauplii, respectively. All 
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manipulations were done under a laminar flow hood in order to maintain sterility of 
the nauplii. Each treatment was done in triplicate. After 2 days of starvation, 10 
nauplii of the LVS3 fed treatments were killed with absolute ethanol and stained with 
the fluorescent dye Nile Blue A (Ostle and Holt, 1982). The nauplii were examined 
with an Axioskop II microscope (Carl Zeiss, Jena, Germany) equipped with a Peltier-
cooled single-chip digital camera (Orca Illm; Hamamatsu, Massay, France) 
connected to a PC.  
 
IN VIVO CHALLENGE TESTS 
hallenge tests were performed as described in Chapter 3, with slight modifications. 
oups of 20 nauplii were transferred to new sterile 50 ml 
ifferent treatments were compared by independent samples t-tests, using the SPSS 
rsion 12.0. Differences were considered significant if the P- value of the 
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tubes that contained 20 ml of filtered and autoclaved artificial seawater. The tubes 
were inoculated with Vibrio campbellii LMG21363 (except for the control, where no 
pathogen was added) and fed with LVS3. For the experiment with fatty acids, the 
fatty acids were dissolved in artificial seawater at different concentrations (25, 50 and 
100 mM). The pH of the solutions was adjusted to 7 and the solutions were 
filtersterilised over a 0.22 µm filter (Millipore, Bedford, USA). For the experiment with 
PHB, PHB particles were added to the Artemia culture water at different 
concentrations (10, 100 and 1000 mg l-1). After feeding and the addition of the 
appropriate chemical and/or bacteria, the falcon tubes were put back on the rotor and 
kept at 28°C. The survival of Artemia was scored 2 days after the addition of the 
pathogen. All manipulations were done under a laminar flow hood in order to 
maintain sterility of the cysts and nauplii. Each treatment was done in triplicate. 
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software, ve
t-test was below 0.05. 
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POLY-Β-HYDROXYBUTYRATE-ACCUMULATING BACTERIA PROTECT 
GNOTOBIOTIC ARTEMIA FRANCISCANA FROM PATHOGENIC VIBRIO 
CAMPBELLII1
 
SUMMARY 
Poly-β-hydroxybutyrate accumulated by a PHB-accumulating enrichment culture 
significantly enhanced the survival of Artemia nauplii, challenged to the pathogen 
Vibrio campbellii LMG21363. The survival of the challenged nauplii was proportional 
to the PHB content of the culture. A PHB-accumulating strain was isolated from the 
enrichment culture. The isolate, named PHB2, showed good PHB-accumulating 
activity (up to 32% of the VSS). PHB accumulated by isolate PHB2 was able to 
completely protect Artemia from the Vibrio campbellii strain since no significant 
mortality occurred when compared to unchallenged nauplii. Our data indicate that 
PHB-accumulating bacteria, such as isolate PHB2, could be used as an effective and 
economically interesting alternative strategy to control infections in aquaculture. 
 
 
 
 
 
 
 
 
                                            
1 This chapter has been published as part of Halet, D., Defoirdt, T., Van Damme, P., Vervaeren, H., 
Forrez, I., Van de Wiele, T., Boon, N., Sorgeloos, P., Bossier, P. and Verstraete, W. (2007). Poly-β-
hydroxybutyrate-accumulating bacteria protect gnotobiotic Artemia franciscana from pathogenic Vibrio 
campbellii. FEMS Microbiology Ecology in press. 
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INTRODUCTION 
Aquaculture is a rapidly expanding industry worldwide. However, disease outbreaks 
are considered to be a significant constraint to the development of the aquaculture 
sector (Subasinghe et al., 2001). Chronic disease can affect the growth rate and feed 
efficiency of the cultured animals and mortalities contribute directly to a loss of 
investment in time, labour and feed. So far, conventional antibiotics have only had 
limited success in the treatment of aquatic diseases (Subasinghe et al., 2001). 
Moreover, their frequent use is leading to the rapid development of (multiple) 
resistance (Schmidt, 2000; Teo et al., 2000; Molina-Aja et al., 2002; Teo et al., 2002; 
Vivekanandhan et al., 2002). Therefore, there is an urgent need for alternative 
control techniques. 
Short-chain fatty acids are well-known to inhibit the growth of enterobacteria 
(Cherrington et al., 1991). We recently showed that this type of compounds also 
inhibits the growth of pathogenic Vibrio campbellii LMG21363 (see Chapter 8). 
Moreover, the addition of the fatty acids to the culture water of Artemia nauplii 
challenged to the pathogen significantly increased the survival of the shrimp. In 
another report, we showed that the addition of the well-known bacterial storage 
compound poly-ß-hydroxybutyrate (PHB), a polymer of the short-chain fatty acid ß-
hydroxybutyrate, also protected the nauplii from the virulent Vibrio campbellii strain 
(see Chapter 9).  
A wide variety of micro-organisms are known to accumulate PHB as an intracellular 
energy and carbon storage compound, usually when an essential nutrient (such as 
nitrogen) is limited in the presence of excess of carbon source (Lee, 1996). PHB is 
produced, for instance, in polyphosphate-accumulating organisms under controlled 
conditions of nutrients such as nitrogen, oxygen and/or minerals (Guisasola et al., 
2004). The biosynthesis and degradation of PHB is a cyclic mechanism (Senior and 
Dawes, 1973). When submitted to consecutive periods of external substrate 
accessibility (“feast”) and unavailability (“famine”), bacteria show so-called 
unbalanced growth (Serafim et al., 2004). During the excess of external carbon 
substrate, the carbon uptake is mainly driven to PHB storage and, to a lesser extent, 
to biomass growth. After substrate exhaustion, PHB degradation starts with the 
depolymerisation to ß-hydroxybutyrate monomers, which can then further be used as 
an energy and carbon source (Kadouri et al., 2005).  
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The aim of the present research was to select an enrichment culture, to isolate pure 
cultures of PHB-accumulating bacteria, and to examine their efficiency to protect 
Artemia from pathogenic Vibrio campbellii.  
 
 
RESULTS 
THE EFFECT OF A PHB-ACCUMULATING ENRICHMENT CULTURE ON THE SURVIVAL OF 
ARTEMIA NAUPLII CHALLENGED TO VIBRIO CAMPBELLII LMG21363 
A PHB-accumulating enrichment culture with stable PHB accumulation activity was 
cultured in a sequencing batch reactor. In a first in vivo challenge test, the effect of 
the PHB-accumulating enrichment culture on the survival of Artemia nauplii 
challenged to the pathogenic isolate Vibrio campbellii LMG21363 was investigated. 
The enrichment culture was growing as aggregates in the sequencing batch reactor 
and many aggregates were too large to be ingested by Artemia. Consequently, the 
culture was subjected to different treatments that aimed at making the PHB more 
available for Artemia by decreasing the size of the aggregates. If it was subjected to 
3 cycles of freezing and thawing prior to addition to the culture water, the addition of 
the enrichment culture (containing 15% PHB on VSS or more) significantly enhanced 
the survival of the challenged nauplii (Table 10.1). Adding the culture untreated or 
after pasteurization (30 min 60°C) had no effect on the survival of the challenged 
Artemia.  
 
TABLE 10.1. Percentage survival of Artemia nauplii (mean ± standard error of three replicates) after 2 
days challenge with Vibrio campbellii LMG21363. The PHB-accumulating enrichment culture was 
added to the Artemia culture water at the start of the experiment, either untreated or after 
pasteurization or freezing and thawing. The enrichment culture was sampled at three time points and 
contained 2, 15 or 25% PHB on VSS. 
Treatment Survival (%) 
Control 83 ± 2 
LMG21363 10 ± 3 
LMG21363 + Culture (2% PHB, freezing and thawing) 7 ± 2 
LMG21363 + Culture (15% PHB, freezing and thawing) 43 ± 2 * 
LMG21363 + Culture (25% PHB, freezing and thawing) 67 ± 7 * 
LMG21363 + Culture (25% PHB, untreated) 12 ± 4 
LMG21363 + Culture (25% PHB, pasteurized) 18 ± 3 
*: Survival significantly different from the treatment with pathogen and without 
PHB-accumulating bacteria (P < 0.01) 
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The enrichment culture was sampled after 2 and 6 hours during PHB enrichment and 
after 1 day of starvation. By doing this way, the same enrichment culture was 
obtained with different PHB concentrations (25, 15 and 2% of the VSS, respectively). 
Importantly, the concentration of VSS was the same (approx. 3 g l-1) in all three 
cases. The survival of the challenged nauplii was clearly proportional to the PHB 
content of the enrichment culture (Table 10.1).  
 
THE EFFECT OF THE PHB-ACCUMULATING ISOLATE PHB2 ON THE SURVIVAL OF ARTEMIA 
NAUPLII CHALLENGED TO VIBRIO CAMPBELLII LMG21363 
A strain with good PHB-accumulating capacity, denoted PHB2, was isolated from the 
enrichment culture and a second in vivo experiment aimed at testing whether this 
isolate, enriched with PHB (32% of the VSS), could protect Artemia nauplii from the 
pathogenic Vibrio campbellii. Isolate PHB2 was added to the Artemia culture water 
either untreated or after drying (5 h at 40°C), pasteurization (30 min 60°C) or three 
cycles of freezing and thawing. If added together with the pathogen, isolate PHB2 
(either untreated or subjected to the different treatments) significantly enhanced the 
survival of challenged Artemia (Table 10.2). The protection offered by the isolate was 
complete since no significant mortality occurred in challenged nauplii treated with 
PHB2 (when compared to unchallenged nauplii; P > 0.25). The addition of starved 
PHB2 (containing 2% PHB on VSS) did not result in an increased survival.  
 
TABLE 10.2. Percentage survival of Artemia nauplii (mean ± standard error of three replicates) after 2 
days challenge with Vibrio campbellii LMG21363. The PHB-accumulating strain PHB2 was added to 
the culture water at the start of the experiment or 1 day after addition of the pathogen, either untreated 
or after pasteurization, drying or freezing and thawing. 
Treatment Survival (%) 
Control 87 ± 3 
LMG21363 17 ± 2 
LMG21363 + PHB2 (2% PHB, freezing and thawing, added at start) 15 ± 3 
LMG21363 + PHB2 (32% PHB, freezing and thawing, added at start) 82 ± 2 * 
LMG21363 + PHB2 (32% PHB, untreated, added at start) 82 ± 2 * 
LMG21363 + PHB2 (32% PHB, dried, added at start) 87 ± 3 * 
LMG21363 + PHB2 (32% PHB, pasteurized, added at start) 90 ± 3 * 
LMG21363 + PHB2 (32% PHB, freezing and thawing, added after 1 day) 45 ± 3 * 
*: Survival significantly different from the treatment with pathogen and without PHB-accumulating 
bacteria (P < 0.01) 
 
If added 1 day after the start of the challenge, PHB2 also significantly increased the 
survival of challenged Artemia (Table 10.2). However, in this case the protection was 
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not complete since there was still significant mortality in challenged nauplii treated 
with PHB2 (P < 0.01). 
 
 
DISCUSSION 
Our previous research (see Chapter 9) showed that the addition of poly-ß-
hydroxybutyrate (PHB) particles to the Artemia culture water protected the shrimp 
from a virulent Vibrio campbellii strain. In this study, we investigated the use of PHB-
accumulating bacteria as a new biocontrol strategy for aquaculture, using our 
gnotobiotic Artemia model system. At first, a sequencing batch reactor was 
inoculated with activated sludge from a laboratory-scale phosphate-removing reactor 
and subjected to transient carbon supply, in which a short time of excess of substrate 
was altered with a long period of lack of substrate. These conditions are known to 
select for bacteria with a high PHB storage capacity (Beccari et al., 1998; Beun et al., 
2002; Serafim et al., 2004). The PHB-accumulating enrichment culture growing in the 
sequencing batch reactor had a PHB storage capacity of 25 ± 5% on VSS. This is 
comparable to the results of Serafim et al. (2004), where a sequencing batch reactor 
was running under the same conditions and where a PHB storage capacity of 35 ± 
5% on VSS was obtained.  
In a first challenge test, we aimed at investigating whether the PHB-accumulating 
enrichment culture could be used to protect Artemia from the pathogenic Vibrio 
campbellii strain LMG21363. The enrichment culture was growing as aggregates in 
the sequencing batch reactor and was subjected to different treatments in order to 
make the PHB more available for Artemia. The culture protected the nauplii from the 
pathogen only if it had a PHB content of at least 15% of the VSS and if it had been 
subjected to freezing and thawing. Adding the culture untreated or after 
pasteurization had no effect on the survival of challenged nauplii. As observed by 
microscopy, the freezing and thawing treatment had resulted in a higher 
concentration of aggregates smaller than 50 µm (data not shown). Only these smaller 
aggregates can be ingested by Artemia (Sorgeloos et al., 1986). Freezing and 
thawing is known to transform aggregates into a more compact form (Vesilind and et 
al., 1991) and the above mentioned observations indicate that this was also the case 
for the aggregates of the enrichment culture. The protective effect of the enrichment 
culture (subjected to freezing and thawing) was clearly related to the PHB 
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accumulated in the bacteria since the survival of challenged nauplii treated with the 
culture was proportional to its PHB content. 
A PHB-accumulating strain, denoted PHB2, was isolated from the mixed enrichment 
culture. In a second challenge test, the capacity of isolate PHB2, enriched with PHB 
(32% of the VSS) in batch culture to protect Artemia from the pathogenic Vibrio was 
investigated. The isolate was added to the Artemia culture water either untreated or 
after drying, pasteurization or freezing and thawing and completely protected the 
challenged Artemia from the pathogenic Vibrio campbellii in all cases (no significant 
difference in survival with unchallenged nauplii). This was in contrast with the 
challenge test with the enrichment culture, which only had an effect after freezing and 
thawing. Probably, due to the absence of aggregates in the pure culture of isolate 
PHB2, all PHB-enriched cells could be ingested by Artemia in all treatments. This 
could explain why the isolate was more efficient than the mixed culture although the 
PHB content was not so much higher. Next to the preventive mode of action of PHB-
enriched PHB2, it was also shown to have some curative properties. The same 
effects as we obtained with PHB2 were seen when using PHB-biopolymer particles 
(average diameter 30 µm) at a dosage of 1 g PHB l-1 (see Chapter 9). In this study, 
the dosage of PHB added in the form of PHB-enriched PHB2 was approximately 10 
mg l-1, which is 100 times lower than for the PHB-biopolymer particles. The difference 
in efficiency is probably due to the fact that the PHB particles (added as PHB2 cells) 
were obviously much smaller than 30 µm, resulting in a more efficient release of ß-
hydroxybutyrate. Indeed, Forni et al. (1999b) also reported a much higher digestibility 
in sheep of smaller poly-(β-hydroxybutyrate-co-β-hydroxyvalerate) when compared to 
larger particles of the same polymer. 
Polyhydroxyalkanoates (such as PHB) are already industrially synthesized by 
bacteria for the production of bioplastics. The production price of these bioplastics is 
around $16 per kg (Lee et al. 1996). However, as mentioned by Salehizadeh and 
Van Loosdrecht (2004), process scaling-up is believed to half the production costs. 
Moreover, lab scale fed-batch tests using Alcaligenes latus indicated that it would be 
even possible to lower the costs to $2.6 per kg (Lee and Choi, 1998). Hence, PHB-
accumulating bacteria might not only be an effective, but also an economically 
interesting alternative biocontrol strategy. 
In conclusion, the results obtained in this study showed that the application of PHB-
accumulating bacteria constitutes an effective alternative method for the abatement 
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of luminescent vibriosis. This alternative method could lead to greater ecological and 
economic sustainability of the aquaculture industry, minimizing the amount of 
antibiotics entering the environment.  
 
 
EXPERIMENTAL PROCEDURES 
ENRICHMENT OF PHB-ACCUMULATING BACTERIA 
PHB-accumulating bacteria were enriched in a sequencing batch reactor inoculated 
with activated sludge from a laboratory scale polyphosphate-accumulating reactor as 
described by Serafim et al. (2004). Briefly, the sequencing batch reactor, with a 
working volume of 2 l, was operated with consecutive periods of external substrate 
accessibility and unavailability. Each reactor cycle consisted of 10.5 h of aerobiosis, 
1 h of settling (agitation and air bubbling switched off), and 0.5 h withdrawing half of 
the volume, which was replaced with fresh medium during the first 5 min at the 
beginning of the next cycle. The total cycle duration was 12 h and the hydraulic 
retention time was 24 h. Every day, a defined volume (200 ml) was removed before 
settling to keep a sludge retention time of 10 days. Oxygen was supplied by an air 
compressor. The temperature was kept at 28°C and the stirring rate at 250 rpm. 
The mineral salts medium used in the sequencing batch reactor contained (per litre 
of distilled water) 2.4 g sodium acetate, 600 mg MgSO4.7H2O, 160 mg NH4Cl, 100 
mg EDTA, 92 mg K2HPO4, 45 mg KH2PO4, 70 mg CaCl2.2H2O and 2 ml l-1 of trace 
solution (Serafim et al., 2004). The trace solution consisted of (per litre of distilled 
water) 1500 mg FeCl3.6H2O, 150 mg H3BO3, 150 mg CoCl2.6H2O, 120 mg 
MnCl2.4H2O, 120 mg ZnSO4.7H2O, 60 mg Na2MoO4.2H2O and 30 mg CuSO4.5H2O. 
10 mg l-1 of allylthiourea (ATU) was added to inhibit nitrification. The initial pH was set 
at 7.2.  
 
ISOLATION OF PURE CULTURES OF PHB-ACCUMULATING BACTERIA 
Microbiological isolation of PHB-accumulating bacteria was carried out by the 
spread-plate method described by Spiekermann et al. (1999), with slight 
modifications. To prepare solid medium for isolation, 15 g of Technical Agar (Difco, 
Detroit, USA) was added to 1 l of the mineral salts medium used in the sequencing 
batch reactor. After autoclavation, 0.002 % (v/v) of a solution of 0.25 mg Nile blue A 
(Sigma, St. Louis, USA) per ml dimethylsulfoxide (DMSO) was added to the medium 
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to give a final concentration of 0.5 µg dye (ml medium)-1. The agar plates were 
exposed to ultraviolet light (312 nm) after cultivation to detect PHB accumulation in 
the grown colonies. 
The isolates were grown for 24h in LB-medium at 28°C with shaking. After the 
incubation, the cells were centrifuged (8 min 5000 rpm) and resuspended in the 
mineral salts medium used in the sequencing batch reactor. The cultures were 
aerated and samples were taken every hour in order to determine the PHB content. 
 
DETERMINATION OF THE PHB CONTENT 
PHB concentrations were measured with a Di200 gas chromatograph (Shimadzu, ’s-
Hertogenbosch, The Netherlands) following the procedure described by Oehmen et 
al. (2005). The gas chromatograph was equipped with a capillary free fatty acid 
packed column [EC-1000 Econo-Cap column (Alltech, Laarne, Belgium), 25 m x 0.53 
mm; film thickness 1.2 µm], a flame ionization detector and a Delsi Nermag 31 
integrator (Thermo Separation Products, Wilrijk, Belgium). Nitrogen was used as the 
carrier gas at a flow rate of 3 ml min-1.  
 
AXENIC HATCHING OF ARTEMIA FRANCISCANA 
All challenge tests were performed with high quality hatching cysts of Artemia 
franciscana (EG® Type, batch 6940, INVE Aquaculture, Baasrode, Belgium). Two 
hundred mg of cysts were hydrated in 18 ml of tap water during 1 h. Sterile cysts and 
nauplii were obtained via decapsulation, adapted from the protocol described by 
Marques et al. (2004). Briefly, 660 µl of NaOH (32%) and 10 ml of NaOCl (50%) were 
added to the hydrated cyst suspension. The decapsulation was stopped after 2 min 
by adding 14 ml of Na2S2O3 (10 g l-1). During the reaction, 0.22 µm filtered aeration 
was provided. The decapsulated cysts were washed with filtered (0.22 µm) and 
autoclaved artificial seawater containing 35 g l-1 of Instant Ocean synthetic sea salt 
(Aquarium Systems Inc., Sarrebourg, France). The cysts were resuspended in a 50 
ml tube containing 30 ml of filtered and autoclaved artificial seawater and hatched for 
30 h on a rotor (4 min-1) at 28°C with constant illumination (approximately 2000 lux).  
 
PREPARATION OF THE INOCULA FOR IN VIVO CHALLENGE TESTS 
Vibrio campbellii LMG21363 was stored in 40% glycerol at -80°C. Ten µl of this 
stored culture was inoculated into fresh Marine Broth (Difco Laboratories, Detroit, 
 130 
PHB-ACCUMULATING BACTERIA PROTECT ARTEMIA FROM LUMINESCENT VIBRIOSIS 
 
USA) and incubated for 24 h at 28°C under constant agitation (100 min-1). The grown 
cultures of Vibrio campbellii were washed in filtered and autoclaved artificial seawater 
and added to the Artemia culture water at approx. 105 CFU ml-1. 
Aeromonas hydrophila LVS3 (Verschuere et al., 1999) was used as feed for the 
nauplii. The strain was grown overnight on Marine Agar (Difco Laboratories, Detroit, 
USA), suspended in sterile artificial seawater, autoclaved and added to the Artemia 
culture water at approx. 107 cells ml-1. 
 
IN VIVO CHALLENGE TESTS 
Challenge tests were performed as described in Chapter 3, with slight modifications. 
Briefly, after hatching, groups of 20 nauplii were transferred to new sterile 50 ml 
tubes that contained 20 ml of filtered and autoclaved artificial seawater. The tubes 
were inoculated with Vibrio campbellii LMG21363 (except for the control, where no 
pathogen was added) and fed with LVS3. PHB-accumulating bacteria were added to 
the Artemia culture water at approximately 107 CFU ml-1. After feeding and the 
addition of the appropriate bacteria, the falcon tubes were put back on the rotor and 
kept at 28°C. The survival of Artemia was scored 2 days after the addition of the 
pathogen. All manipulations were done under a laminar flow hood in order to 
maintain sterility of the cysts and nauplii. Each treatment was done in triplicate. 
 
STATISTICS 
For each experiment, the mean survivals of Artemia subjected to different treatments 
were compared by independent samples t-tests, using the SPSS software, version 
12.0. Differences were considered significant if the P- value of the t-test was below 
0.05. 
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APPLICATION OF SHORT-CHAIN FATTY ACIDS AND 
POLYHYDROXYALKANOATES TO CONTROL LUMINESCENT 
VIBRIOSIS: GENERAL DISCUSSION, FURTHER PERSPECTIVES AND 
CONCLUSIONS 
 
GENERAL DISCUSSION 
EFFECTS OF SHORT-CHAIN FATTY ACIDS ON LUMINESCENT VIBRIOS  
Short-chain fatty acids (SCFA) are known for a long time to inhibit the growth of 
pathogenic bacteria and are already used in commercial animal diets to control 
pathogens such as Salmonella. Based on this, a first study aimed at testing whether 
these compounds could also be used to control luminescent vibriosis in Artemia 
(Chapters 8). In vitro tests showed that SCFA inhibited growth of pathogenic 
luminescent vibrios in liquid medium. The effective growth-inhibitory SCFA 
concentrations were in the millimolar range and were dependent on pH of the 
medium, with about 10 times more SCFA needed per unit pH increase. These results 
are in agreement with what has been reported for Salmonella and Escherichia coli, 
indicating that luminescent vibrios have about the same susceptibility to SCFA as 
enteric bacteria (Wolin, 1969; Van Immerseel et al., 2003). Furthermore, in vivo 
challenge tests with gnotobiotic Artemia showed that formic, acetic, propionic, butyric 
and valeric acid significantly increased the survival of nauplii challenged to a 
pathogenic Vibrio campbellii strain, with no difference between the different SCFA. 
However, the compounds did not completely protect the Artemia nauplii from the 
pathogen since there was still significant mortality in challenged nauplii, even at 
elevated SCFA concentrations of 100 mM.  
 
 
CHAPTER 11 
 
PROPOSED MODE OF ACTION OF SHORT-CHAIN FATTY ACIDS  
In vivo growth inhibition of the pathogen by the SCFA is one possible mechanism 
that could explain the increased survival of challenged shrimp. Interestingly, a 
significantly improved survival of challenged Artemia was noted in vivo when 20 mM 
SCFA was added to the culture water at pH 7, whereas there was no effect on 
growth of Vibrio campbellii in vitro under these conditions (Chapter 8). However, 
there are some important points that could account for this difference. First of all, the 
in vivo conditions were more stressful to the pathogen and this might have increased 
its susceptibility to the growth-inhibitory effect of the SCFA. Indeed, nutrient 
concentrations were much lower in the sea water when compared to the growth 
medium used in the in vitro tests. This will probably have resulted in lower cellular 
energy pools and consequently, the cells had less energy that could be spent on 
intracellular pH maintenance. Moreover, digestive enzymes excreted in the Artemia 
gut, which is the actual site of infection (Soto-Rodriguez et al., 2003b), probably also 
constitute a stress factor to the vibrios. Finally, pH in the Artemia gut is unknown and 
might be lower than that of the sea water.  
A second mechanism that could explain the protective effect of the SCFA is that they 
provided the nauplii with energy. Artemia nauplii were visibly larger after 2 days when 
cultured in sea water containing 100 mM butyrate or β-hydroxybutyrate (Chapter 8 
and 9), which indicates that they indeed can obtain energy from the SCFA. This is in 
accordance with the work of Weltzien et al. (2000), who reported that Artemia can 
use β-hydroxybutyrate as energy source. SCFA are also known to be a preferred 
source of energy for the colonic mucosa in mammals and to increase the health of 
the gastrointestinal epithelium (Topping and Clifton, 2001). Since the Artemia gut is 
the actual site of Vibrio infection, SCFA might also give rise to a higher resistance to 
infections by beneficially affecting the Artemia gut epithelium. 
A last possible mechanism which could explain the observed protection by SCFA is 
that subinhibitory SCFA concentrations might affect virulence expression in the 
vibrios. In the first part of this work, it was shown that virulence of luminescent vibrios 
towards Artemia is regulated by quorum sensing (Chapter 3 and 4). The production 
of quorum sensing signals has been shown to have a significant metabolic cost for 
signalling bacteria (Keller and Surette, 2006). Bacteria that are exposed to SCFA 
have to spend energy in order to maintain the internal pH at the optimal level (Ricke, 
2003) and therefore, it might be possible that the cells cannot afford to produce 
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signalling molecules anymore, resulting in a decreased virulence. It has been shown 
before that subinhibitory concentrations of macrolide antibiotics (such as 
azithromycin and erythromycin) inhibit quorum sensing-regulated virulence of 
Pseudomonas aeruginosa (Sofer et al., 1999; Tateda et al., 2001). Interestingly, a 
recent report provided some indications that subinhibitory concentrations of 
cinnamaldehyde might interfere with quorum sensing in Vibrio harveyi (Niu et al., 
2006). Hence, it could be quite interesting to investigate the effect of short-chain fatty 
acids on quorum sensing in luminescent vibrios (and other bacteria). 
 
EFFECTS OF POLY-Β-HYDROXYBUTYRATE ON LUMINESCENT VIBRIOSIS IN ARTEMIA  
The effective SCFA concentrations were quite high (g l-1), which is probably due to 
the fact that Artemia is a particle filter feeder and therefore cannot accumulate 
dissolved compounds (Sorgeloos et al., 1986). Consequently, we reasoned that the 
efficiency of these compounds might be increased by dosing them in particle form to 
the culture water. One option would have been to use coated or encapsulated fatty 
acids as applied in commercial poultry diets (Van Immerseel et al., 2005). 
Unfortunately, the particles that are currently used are too large to be ingested by 
Artemia. Based on literature reports mentioning that poly-β-hydroxyalkanoate 
polymers can be degraded into β-hydroxy SCFA (see Chapter 7) and on the 
observation that β-hydroxybutyrate has the same positive effect towards challenged 
Artemia as other SCFA, we started to investigate whether PHB could be used as an 
elegant method to deliver SCFA to the Artemia gut. The addition of commercial PHB 
particles (average diameter 30 µm) or PHB-containing bacteria  offered a preventive 
and curative protection from the pathogenic Vibrio campbellii (Chapter 9 and 10). 
Moreover, a complete protection (no significant mortality when compared to 
unchallenged nauplii) was noticed at 1000 mg l-1 commercial PHB particles or 107 
cells ml-1 of the PHB-containing bacteria (corresponding to approximately 10 mg l-1 
PHB).  
 
PROPOSED MODES OF ACTION OF POLY-Β-HYDROXYBUTYRATE  
We hypothesise that the PHB polymer is at least partially degraded to β-
hydroxybutyrate in the Artemia gut and that the release of this SCFA protects the 
shrimp from the pathogen in two ways, as described above. This hypothesis is based 
on indirect observations since it was not possible to detect β-hydroxybutyrate in the 
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nauplii (due to their small dimensions). First of all, PHB-fed nauplii were visibly larger 
than control nauplii (as was also observed for SCFA). Moreover, the addition of 1 g l-1 
PHB particles to the culture water significantly increased survival of starved nauplii 
(Chapter 9). This indicates that the nauplii can derive a substantial amount of energy 
from the particles, even much more than from dissolved SCFA (where no effect on 
survival was observed even at 100 mM ≈ 10 g l-1). Hence, to provide the nauplii with 
such a significant amount of energy, the particles must have been degraded into 
water-soluble products in the Artemia intestinal tract (in order to be absorbed by the 
gut epithelium). Interestingly, the PHB-degradative activity was probably physico-
chemical or mediated by enzyme activity of the nauplii and almost certainly not 
microbial. Indeed, the Artemia nauplii were sterile and although the PHB particles 
were not sterile, no degradation could be observed even after prolonged incubation 
of mineral medium containing PHB particles as the sole carbon source (suggesting 
that no PHB-degrading micro organisms were present on the particles).  
In addition to the conversion to SCFA, PHB might have some specific protective 
properties. It could be possible, for instance, that PHB blocks receptor sites for the 
pathogen in the shrimp gut. Indeed, competition for adhesion receptors has been 
shown to be one of the mechanisms to prevent intestinal infections (Verschuere et 
al., 2000). Alternatively, the vibrios might attach to PHB particles (as has been shown 
before for other polymers, such as chitin; Montgomery and Kirchman (1994)) rather 
than to the Artemia gut, thereby also resulting in a decreased gut colonisation. 
Finally, as is the case for β-glucan polymers (Marques et al., 2006), PHB might 
activate the immune system of Artemia, thereby increasing its resistance to infection 
 
COMPARISON BETWEEN SHORT-CHAIN FATTY ACIDS AND POLY-Β-HYDROXYBUTYRATE 
Currently, polyhydroxyalkanoates are still more expensive than SCFA, with around 
€ 12 kg-1 for poly(β-hydroxybutyrate-co-β-hydroxyvalerate) copolymer (BIOPOL, 
ZENECA Bio Product, UK) compared to € 4 kg-1 for butyric acid (Brenntag nv., 
Belgium). However, there are some important points that could make PHB 
economically more attractive in certain situations. First, uncoated SCFA are 
ineffective to control microbiota in the hind gut because of absorption in the proximal 
parts of the gastrointestinal tract (Thompson and Hinton, 1997) and coating SCFA 
will undoubtedly increase the costs. Secondly, PHB production using waste streams 
such as molasses as carbon source and optimising the production process are 
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believed to significantly lower the production costs (Kim, 2000). Moreover, in 
aquaculture systems, it should be possible to produce PHB in situ by adding carbon 
to the culture water or by increasing the C:N ratio of the feed (see below). 
In this work, some indications were found that PHB will probably be more efficient 
than SCFA in some systems, especially in case of aquaculture systems with filter-
feeding animals. Indeed, if compared to SCFA, commercial PHB particles and PHB-
containing bacteria were about 100 and 10 000 times more efficient in challenge 
tests with Artemia, respectively (Chapter 9 and 10). The fact that lower PHB 
concentrations needed to be dosed when added as PHB-containing bacteria is 
probably due to the smaller particle size of PHB particles in bacterial cells (which are 
typically 0.2 to 0.5 µm in diameter; Anderson and Dawes (1990)), resulting in a 
higher surface:volume ratio and thereby increasing the susceptibility to breakdown. 
Similar effects had been reported before by Forni et al. (1999b), who found that 
poly(β-hydroxybutyrate-co-β-hydroxyvalerate) copolymer digestibility in sheep was 
much higher when smaller particles were used. In fact, the addition of a PHB-
degrading strain together with the PHB-containing bacteria might be even more 
efficient since the addition of a PHB-degrading Comamonas testosteroni strain 
significantly improved the performance of the commercial PHB particles.  
 
 
FURTHER PERSPECTIVES 
FURTHER ELUCIDATION OF THE MODE OF ACTION OF POLYHYDROXYALKANOATES AND 
TESTING IN DIFFERENT HOST-MICROBE SYSTEMS 
We have proposed some possible mechanisms by which PHB protects Artemia from 
luminescent vibriosis. However, further research is needed in order to unravel the 
exact mode of action. It was not possible, for instance, to detect PHB breakdown 
products in the Artemia gut due to the small dimensions of Artemia nauplii. In this 
respect, it would be very illustrative to perform similar tests as reported in this work 
with penaeid shrimp in order to verify whether PHB addition also protects these 
animals and the larger size of these shrimp might allow to follow up PHB degradation 
in the gut. Apart from that, it would be highly interesting to study gene expression of 
the host upon exposure to polyhydroxyalkanoates. Indeed, it might be possible that 
these polymers induce some kind of defence mechanism against pathogenic bacteria 
(as is the case, for instance for immunostimulants). Finally, it might be very 
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interesting to evaluate polyhydroxyalkanoates as biocontrol agents in different host-
microbe systems, such as for instance Salmonella infections in poultry and swine or 
bacterial infections in other crustaceans and fish. 
 
BIOFLOC TECHNOLOGY: A SUSTAINABLE PRACTICE COMBINING WATER QUALITY 
IMPROVEMENT, NUTRITION AND ALSO BIOCONTROL? 
Aquatic animals excrete ammonium as nitrogenous waste product. In aquaculture, 
uneaten feeds and faeces also contribute to the inorganic nitrogenous waste loading 
of the water (Avnimelech, 1999). A strategy to remove inorganic nitrogen from the 
culture water that is currently getting more attention is the so-called biofloc 
technology. This technique aims at removing inorganic nitrogen from the culture 
water through assimilation into microbial proteins by the addition of carbonaceous 
materials (Avnimelech, 1999). If properly applied, added carbohydrates can eliminate 
the problem of inorganic nutrient accumulation, both in intensive and extensive 
systems (Avnimelech, 1999; Hari et al., 2004). Another important advantage of this 
technique is that the bioflocs that grow in the water can be utilised as feed source by 
the animals, thus lowering the demand for supplemental feed protein (Hari et al., 
2004). Interestingly, regularly adding carbon to the culture water introduces a feast 
and famine regime to the heterotrophic microbiota, and this is known to select for 
polyhydroxyalkanoate-accumulating micro organisms (Salehizadeh and Van 
Loosdrecht, 2004). Hence, the biofloc technique can reasonably be supposed to 
select for polyhydroxyalkanoate-accumulating micro organisms, which would add an 
aspect of biocontrol to this sustainable practice. Characterisation and optimalisation 
of polyhydroxyalkanoate-production by these bioflocs constitutes an intriguing area 
for further research. 
 
MEDIUM AND LONG SIDE CHAIN POLYHYDROXYALKANOATES AS BIOCONTROL AGENTS? 
Medium- and long-chain fatty acids (containing 8 to 18 carbons) have been shown to 
be bactericidal to many different Gram-negative and Gram-positive bacteria 
(Bergsson et al., 1998; Bergsson et al., 1999; Bergsson et al., 2001; Bergsson et al., 
2002) and even viruses (Hilmarsson et al., 2005). Moreover, colonisation and 
invasion of chicken ceca and internal organs was shown to be decreased by 
medium-chain fatty acids (Van Immerseel et al., 2004). Interestingly, Pseudomonas 
oleovorans has been shown before to accumulate polyhydroxyalkanoates containing 
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β-hydroxy acid monomers with between 6 and 12 carbons when grown on medium- 
to long-chain alkanes, alkanoates or alcohols (Anderson and Dawes, 1990). Apart 
from Pseudomonas oleovorans, medium and long side chain polyhydroxyalkanoates 
have also been reported in other pseudomonads. Given the fact that medium- and 
long-chain fatty acids are more bactericidal than SCFA, it could be interesting to 
study the biocontrol potential of these medium and long side chain 
polyhydroxyalkanoates. 
 
POLY-Β-HYDROXYBUTYRATE PRODUCTION BY PROBIOTICS 
Because the costs to license new bacterial control agents for use in animal feeds are 
quite high (Hong et al., 2005), it might be worthwhile to screen bacteria that have a 
“generally recognised as safe” status for PHB-production instead of licensing new 
strains. PHB production has been reported for lactic acid bacteria and bacilli 
belonging to probiotic species (Aslim et al., 1998; Yilmaz et al., 2005). Hence, PHB 
enrichment might constitute an added value to these already approved probiotics.  
 
 
CONCLUSIONS 
SCFA were shown to inhibit the growth of luminescent vibrios in a pH-dependent 
way. Addition of these compounds to the culture water of Artemia nauplii, challenged 
to pathogenic Vibrio campbellii significantly increased survival of the nauplii. Dosing 
SCFA as PHB or PHB-containing bacteria proved to be much more efficient than 
adding SCFA to the culture water in our Artemia model system. Moreover, both 
commercial PHB particles and PHB-containing bacteria were able to completely 
protect the nauplii from the pathogen. In addition to this preventive protection, PHB 
was found also to have some curative properties. Further research might result in 
several applications of polyhydroxyalkanoates as biocontrol agents for sustainable 
animal production. 
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"Progress, of the best kind, is 
comparatively slow. Great results cannot 
be achieved at once; and we must be 
satisfied to advance in life as we walk, 
step by step." 
~ Samuel Smiles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
ALTERNATIVES TO ANTIBIOTICS TO CONTROL LUMINESCENT 
VIBRIOSIS 
 
DISEASE PREVENTION 
According to FAO, disease prevention is the preferred health management option 
with respect to aquaculture diseases (Subasinghe et al., 2001). Disease prevention 
can be achieved by improved management including the prevention of the 
transmission of pathogens between farms (e.g. by quarantine; Subasinghe et al. 
(2001)) and a good hygiene (e.g. the disinfection of culture tanks, water and eggs; 
Brock and Bullis (2001)). In many cases, vibrios are opportunists, only causing 
disease when the host organism is immune-suppressed or otherwise physiologically 
stressed (Peddie and Wardle, 2005) and therefore, eliminating stress is also an 
important factor that can reduce luminescent vibriosis infections. This could be 
achieved by improving the water quality by water treatment (van Rijn, 1996) and 
bioaugmentation (Moriarty, 1997) and avoiding important stress factors such as high 
stocking densities, handling, temperature and salinity changes (Brock and Bullis, 
2001). Furthermore, it appears that the feed quality also has an important impact on 
the susceptibility of cultured animals to luminescent vibriosis infections so that 
animals that are in better physical health conditions are more resistant to infection 
(Marques et al., 2005). However, it is not always economically feasible to culture the 
animals in the most optimal conditions and give them the most optimal feed and 
therefore, there will always be a risk to infection and a need for effective biocontrol 
techniques. Alternatives to the use of antimicrobials that have been studied so far are 
represented in Figure 12.1 and will be discussed throughout the following 
paragraphs. 
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- IMPROVEMENT OF PHYSICAL HEALTH: 
GOOD FEED QUALITY, PROBIOTICS, SHORT-
CHAIN FATTY ACIDS  
- STRESS PREVENTION: AVOID HANDLING, 
CHANGES IN WATER QUALITY AND 
OVERSTOCKING 
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DISINFECTION 
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FIGURE 12.1. Schematic overview of different strategies to prevent and control luminescent vibriosis 
without using antibiotics. 
 
 
DISEASE CONTROL AT THE LEVEL OF THE HOST 
VACCINATION 
Vaccination refers to the administration of weakened or dead pathogenic bacteria or 
parts of them, with the aim to confer long-lasting protection through immunological 
memory (Gudding et al., 1999). Vaccination requires primary challenge with antigen 
and relies on specific defense mechanisms which are traditionally believed only to 
exist in vertebrates and consequently, with respect to aquaculture, vaccination would 
only be possible in fish and not in crustaceans (Smith et al., 2003). However, there 
has been some recent evidence that invertebrates also possess adhesion 
immunoglobulin super family molecules, which in mammals are known to be involved 
in adaptive immune responses (Arala-Chaves and Sequeira, 2000). Hence, 
invertebrates might also have an immune memory and therefore, vaccination might 
also be possible in shellfish.  
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Fish vaccination has been studied for many years now and has been successfully 
applied in a number of cases, with the most remarkable results in Norway, where it is 
now a common strategy for control of bacterial diseases in fish (Markestad and 
Grave, 1997). Fish can be vaccinated in three ways, by injection (preferably 
intraperitoneally), by immersion or by oral administration (Gudding et al., 1999). 
These methods have different advantages and disadvantages with respect to the 
level of protection, side effects, practicality and cost-efficiency. Both inactivated and 
live bacteria can be used as vaccines, with live vaccines being attenuated strains of 
pathogenic species (Gudding et al., 1999). Mostly, vaccines are combinated with 
adjuvants, which aim at inducing more severe reactions to the actual vaccine.  
Several research groups studied the effects of vaccination against luminescent 
vibriosis in fish, with promising results. Crosbie and Nowak (2004) immunised 
barramundi (Lates calcarifer) with an experimental Vibrio harveyi bacterin via 
intraperitoneal injection, immersion and anal intubation and found elevated antibody 
and Vibrio harveyi inhibitory activities in fish sera for all treatments, with 
intraperitoneal injection yielding the best results. In addition, in the intraperitoneally 
injected group, there was some evidence of memory induction with an increased 
antibody response. 
Arijo et al. (2005) reported vaccination of sole (Solea senegalensis) with a divalent 
vaccine against Vibrio harveyi and Photobacterium damselae using killed whole cells 
supplemented with extracellular products of virulent strains. High levels of protection 
against luminescent vibriosis were obtained, with a more than 70% increase in 
survival for vaccinated fish when compared to control animals. Interestingly, two 
prolonged immersions at a 1-month interval, which could be a useful strategy with 
small fish, performed equally well when compared to intraperitoneal injection. 
Unfortunately, the protective effect significantly decreased 4 months after 
vaccination. 
Recently, Lin et al. (2006) found that specific antibodies were produced after 
vaccination of cobia (Rachycentron candum) with a vaccine consisting of inactivated 
Photobacterium damselae, Vibrio alginolyticus and Vibrio parahaemolyticus. In 
laboratory aquarium trials, vaccination was shown to increase survival of cobia 
infected with Vibrio parahaemolyticus from 43 to 95%. Furthermore, vaccination 
significantly increased survival of cobia in two farm trials using two batches of fish 
from different hatcheries. 
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A disadvantage of vaccination, especially when the vaccine is administered through 
injection, is that it requires handling, which is a stress factor for the animals and 
makes it a labour-intensive technique from a farmer’s point of view. Moreover, 
vaccination is not possible in case of fish larvae (which generally are most 
susceptible to disease) since handling these small animals is practically not feasible 
and, more importantly, since it is believed that fish larvae do not have the ability to 
develop specific immunity (Vadstein, 1997). 
 
IMMUNOSTIMULATION 
Immunostimulation can increase resistance to infectious disease by triggering 
specific immune responses (in case of vaccination) as well as by enhancing non-
specific defense systems (Sakai, 1999). In what follows, immunostimulation will refer 
only to the second possibility. Immunostimulants receiving most attention comprise 
live bacteria, killed bacteria, glucans, peptidoglycans and lipopolysaccharide (Smith 
et al., 2003). In fish, immunostimulants usually induce enhanced phagocytic cell 
activities, activate lymphocytes and sometimes also enhance antibody production 
(Sakai, 1999). In fact, the adjuvants that are frequently added to vaccines can be 
seen as immunostimulatory compounds (Gudding et al., 1999). In contrast to 
vaccination, immunostimulation is also possible in crustaceans since these 
invertebrates also possess nonspecific defense mechanisms, in which circulating 
haemocytes play an important role (Smith et al., 2003). In crustaceans, 
immunostimulants are known to invoke various in vivo responses, such as changes 
in haemocyte counts, induction of encapsulation reactions, prophenoloxidase and 
phenoloxidase activities and melanisation (Smith et al., 2003). Immunostimulants can 
be injected or administered by immersion or through the feed (Vadstein, 1997).  
Several reports mentioned the use of immunostimulants to control luminescent 
vibriosis. Thanardkit et al. (2002) found that glucan induced the release of 
prophenoloxidase from intact black tiger shrimp (Penaeus monodon) haemocytes in 
vitro. In vivo, significant increases in phenol oxidase, haemocyte numbers and 
bacterial killing activity against Vibrio harveyi were recorded. Consistent with this, 
Marques et al. (2006) reported that supplementing gnotobiotic brine shrimp (Artemia 
franciscana) with small quantities of a yeast mutant presenting elevated β-glucan 
concentrations or with β-glucan particles offered a complete protection from a 
pathogenic Vibrio campbellii strain. In contrast, Scholz et al. (1999) found no 
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significant increase in survival of Penaeus vannamei fed with diets containing yeasts 
or glucans when compared to shrimp fed a control diet. 
Alabi et al. (1999) reported that if administered by immersion, killed cells of different 
Vibrio harveyi strains significantly protected Penaeus indicus larvae from luminescent 
vibriosis. The immunostimulants were found to induce cross protection against other 
strains than the one used to prepare the immunostimulant, with the degree of 
protection being proportional to the virulence of the strain from which the 
immunostimulant was prepared. Unfortunately, no immunological data were 
presented. 
More recently, Sivaram et al. (2004) reported significant improvements in immune 
parameters such as phagocytic activity, serum antibacterial activity, albumin:globulin 
ratio and leukocyte counts in greasy groupers (Epinephelus tauvina) fed diets 
supplemented with herbal extracts of Ocinum sanctum and Withania somnifera. 
Moreover, the extracts were found to significantly increase the survival of fish 
infected with Vibrio harveyi. However, further research will be necessary to elucidate 
which compounds were responsible for the immunostimulatory effects.  
Although there are several reports giving indications that the application of 
immunostimulants has potential in controlling luminescent vibriosis, there are some 
limitations that should be considered. First of all, immunostimulation might be too 
intense and may harm or even kill the host (Vadstein, 1997; Smith et al., 2003). 
Secondly, since there is no memory component involved, the response is likely to be 
short of duration and hence immunostimulants will have to be administered 
repeatedly (Sakai, 1999). As a consequence, administration through injection is 
unfavourable since it will be too labour-intensive and cause too much stress to the 
animals. On the other hand, long-term administration of immunostimulants seems to 
decrease the effect and does not always promote disease resistance (Sakai, 1999; 
Smith et al., 2003). 
 
 
DISEASE CONTROL AT THE LEVEL OF THE VIBRIOS 
KILLING: PHAGE THERAPY 
In the early 1920s, bacteriophages were discovered as viral infections of bacteria and 
their value for antibacterial therapy and prophylaxis was almost immediately 
recognised (Summers, 2001). Surprisingly, phages were only quite recently proposed 
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as candidate therapeutics for aquaculture (Nakai and Park, 2002). Several reports 
described the isolation of phages of luminescent vibrios, including lysogenic ones 
(Ruangpan et al., 1999; Austin et al., 2003; Munro et al., 2003) and more recently 
also lytic phages (Pasharawipas et al., 2005; Shivu et al., 2006; Vinod et al., 2006). A 
major advantage of phage therapy is that non-target intestinal microbiota are not 
affected because of the narrow host range of phages (Nakai and Park, 2002). 
However, many phages are strain-specific rather than species-specific (Nakai and 
Park, 2002) and therefore, phages for use as biocontrol agents to treat luminescent 
vibriosis should be selected on their capability to infect a wide range of luminescent 
vibrios.  
Attempts to use phages in order to control luminescent vibriosis have only recently 
been reported. Shivu et al. (2006) isolated 7 phages from hatchery and creek water 
and tested their lytic spectrum against 183 Vibrio harveyi strains, originating from 
different geographical regions and found that the phages lysed between 15 and 69% 
of the strains. None of the phages was able to infect other Vibrio species. The 
authors concluded that shrimp hatcheries would be a good source for the isolation of 
phages to be used as therapeutics. Vinod et al. (2006) isolated a phage from shrimp 
farm water with lytic activity against all 50 Vibrio harveyi isolates tested. The phage 
was tested both in a lab system and in a hatchery for its potential to protect Penaeus 
monodon larvae. In the lab system, addition of the phage increased the survival of 
shrimp larvae infected with pathogenic Vibrio harveyi with 45 to 55% and decreased 
luminescent bacterial counts with 2 to 3 log units after 2 days. In the hatchery trial, 
addition of the phage increased shrimp survival from 17 to 86% after 17 days. 
Interestingly, the phage treatment performed much better than daily addition of 
antibiotics (5ppm oxytetracyclin and 10 ppm kanamycin), where the shrimp survival 
was only 40%. 
A constraint to the use of phages as therapeutics is that they can transfer virulence 
factors. Indeed, virulence induction in luminescent vibrios by lysogenic phages has 
been reported by several authors (Ruangpan et al., 1999; Austin et al., 2003; Munro 
et al., 2003; Pasharawipas et al., 2005). Hence, before using bacteriophages for 
therapy, it will be important to test whether they carry any virulence genes and 
whether they would be safe to use. 
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GROWTH INHIBITION: SHORT-CHAIN FATTY ACIDS 
Alternative strategies to control luminescent vibriosis might also aim at inhibiting 
growth of the pathogens rather than killing them. Short-chain fatty acids (SCFA) are 
known for a long time to inhibit the growth of pathogenic bacteria. Although the 
antibacterial mechanism(s) are not yet completely understood, SCFA are traditionally 
believed to inhibit the growth of micro-organisms through acidification of the 
cytoplasm (Ricke, 2003). Coated and uncoated SCFA are already used in 
commercial animal diets to control pathogens such as Salmonella (Van Immerseel et 
al., 2002). Based on this, it was studied whether these compounds could also be 
used to control luminescent vibriosis in Artemia (Chapters 8 and 9). In vitro tests 
showed that SCFA inhibited growth of pathogenic luminescent vibrios in liquid 
medium. The effective growth-inhibitory SCFA concentrations were in the millimolar 
range and were dependent on pH of the medium, with about 10 times more SCFA 
needed per unit pH increase. Furthermore, in vivo challenge tests with gnotobiotic 
Artemia showed that 20 mM of formic, acetic, propionic, butyric or valeric acid 
increased the survival of nauplii infected with a virulent Vibrio campbellii strain from 
20 to about 45%, with no difference between the different SCFA.  
Apart from inhibiting the growth of unwanted bacteria, SCFA are also known to be a 
preferred source of energy for the colonic mucosa in mammals and to increase the 
health of the gastrointestinal epithelium (Topping and Clifton, 2001). It is not yet clear 
whether this is also true for aquatic animals, although Weltzien et al. (2000) reported 
that Artemia can use the SCFA β-hydroxybutyrate as energy source. This would 
mean that SCFA not only act at the level of the pathogen, but also beneficially affect 
the host and this might also contribute to a higher disease resistance. 
The effective SCFA concentrations needed to protect Artemia from luminescent 
vibriosis were quite high (Chapter 8 and 9), which is probably due to the fact that 
Artemia is a particle filter feeder and cannot accumulate dissolved compounds 
(Sorgeloos et al., 1986). Consequently, we reasoned that the efficiency of these 
compounds might be increased by dosing them in particle form to the culture water. 
Based on literature reports mentioning that poly-β-hydroxyalkanoate polymers can be 
degraded into β-hydroxy SCFA (see Chapter 7) and on the observation that β-
hydroxybutyrate has the same positive effect towards infected Artemia as other 
SCFA, we started to investigate whether poly-β-hydroxybutyrate (PHB) could be 
used as an elegant method to deliver SCFA to the Artemia gut. The addition of 
 147
CHAPTER 12 
 
commercial PHB particles (average diameter 30 µm) or PHB-containing bacteria to 
the culture water offered a preventive and curative protection from the pathogenic 
Vibrio campbellii (Chapter 9 and 10). Moreover, a complete protection (no significant 
mortality when compared to uninfected nauplii) was noticed at 1000 mg l-1 
commercial PHB particles or 107 cells ml-1 of the PHB-containing bacteria 
(corresponding to approximately 10 mg l-1 PHB). Although the exact mode of action is 
still unclear, it was hypothesised that the PHB polymer is at least partially degraded 
to β-hydroxybutyrate in the Artemia gut and that the release of this SCFA protects the 
shrimp from the pathogen. 
Although these results are still preliminary and should be repeated in other host 
systems, they suggest that PHB addition to the culture water or feed could be a very 
interesting biocontrol measure. Indeed, PHB can quite easily be produced (Anderson 
and Dawes, 1990). Moreover, PHB production on waste streams (such as molasses) 
could make this technique more cost-effective and sustainable (Kim, 2000). Finally, it 
should be possible to produce PHB in situ in the culture water by adding 
carbonaceous compounds or by increasing the C:N ratio of the feed. Such practice is 
currently getting more attention as a means to remove inorganic nitrogen from culture 
water through assimilation into microbial proteins, which can be utilised as feed 
source by the animals (Avnimelech, 1999). 
 
VIRULENCE INHIBITION: DISRUPTION OF QUORUM SENSING 
Quorum sensing is a mechanism in which bacteria coordinate the expression of 
certain genes in response to the presence or absence of small signal molecules 
(Chapter 2). Unlike most other Gram-negative bacteria, Vibrio harveyi was found to 
use a multi-channel quorum sensing system. The first channel of this system is 
mediated by the Harveyi Autoinducer 1 (HAI-1), an acylated homoserine lactone 
(AHL) (Cao and Meighen, 1989). The second channel is mediated by the so-called 
Autoinducer 2 (AI-2), which is a furanosyl borate diester (Chen et al., 2002). The 
chemical structure of the third autoinducer, called Cholerae Autoinducer 1 (CAI-1) is 
still unknown (Henke and Bassler, 2004c). All three autoinducers are detected at the 
cell surface and activate or inactivate target gene expression by a 
phosphorylation/dephosphorylation signal transduction cascade. Phenotypes that 
were found to be controlled by this quorum sensing system include bioluminescence 
(Bassler et al., 1993) and the production of several virulence factors such as a type 
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III secretion system (Henke and Bassler, 2004b), extracellular toxin (Manefield et al., 
2000) and a siderophore (Lilley and Bassler, 2000). Using quorum sensing mutants, 
the Vibrio harveyi quorum sensing system was shown to regulate virulence of the 
bacterium towards gnotobiotic Artemia (Chapter 3) and rotifers (Brachionis plicatilis; 
Tinh et al., 2006). 
Halogenated furanones were shown before to disrupt AHL- as well as AI-2-mediated 
signalling in Gram-negative bacteria, without affecting growth (Ren et al., 2001; 
Hentzer and Givskov, 2003). We found that the natural furanone (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone blocks quorum sensing-regulated gene 
expression in Vibrio harveyi by decreasing the DNA-binding activity of the quorum 
sensing response regulator LuxRVh and not by interacting with the signal molecule 
receptors (Chapter 5). Interestingly, the compound, at 20 mg l-1, increased survival of 
gnotobiotic Artemia nauplii challenged to several different luminescent vibrios, 
suggesting that virulence attenuation caused by quorum sensing disruption is a 
general feature for luminescent vibrios (Chapter 4). Consistent with this, Tinh et al. 
(2006) found that the furanone also neutralised the negative effect of Vibrio harveyi 
BB120 towards gnotobiotic rotifers. Unfortunately, the furanone appeared to be toxic 
both to Artemia and rotifers (Chapter 4; Tinh et al., 2006).  
Interestingly, quorum sensing-disrupting compounds do not affect growth of the 
vibrios (Chapter 4; Manefield et al., 2000). Consequently, the chance of resistance 
development will probably be smaller than for conventional antibiotics. Because 
quorum sensing-disrupting compounds attenuate virulence of pathogenic bacteria 
without affecting growth, they have been termed antipathogenic drugs, as opposed to 
antibacterial drugs (Hentzer and Givskov, 2003). Antipathogenic drugs target key 
regulatory systems in bacterial pathogens that regulate the expression of virulence 
factors. The fact that antipathogenic compounds are unlikely to pose a selective 
pressure for the development of resistance, makes this concept highly attractive as a 
sustainable biocontrol strategy. Hence, it certainly is worthwhile to try synthesising 
new quorum sensing-disrupting compounds which could be applied in practice to 
control luminescent vibriosis in aquaculture. These compounds could either target 
signal production, signal detection or signal transduction. 
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ANTAGONISM: PROBIOTICS 
Probiotics have quite a long history in animal and human nutrition and have been 
defined as “live microbial feed supplements which beneficially affect the host by 
improving its intestinal balance” (Fuller, 1989). Interest in the application of beneficial 
bacteria in aquaculture is rather recent (Moriarty, 1998; Gatesoupe, 1999). Because 
there are some important differences between terrestrial animals and aquaculture 
farmed species, Verschuere et al. (2000) proposed a modified definition for probiotics 
for use in aquaculture and defined them as “live microbial adjuncts which have a 
beneficial effect on the host by modifying the host-associated or ambient microbial 
community, by ensuring improved use of the feed or enhancing its nutritional value, 
by enhancing the host response towards disease, or by improving the quality of its 
ambient environment”. Possible modes of action that have been mentioned in 
literature include (1) production of inhibitory compounds such as antibiotics, 
bacteriocins, organic acids, siderophores, lysozyme, proteases and hydrogen 
peroxide (Verschuere et al., 2000; Vine et al., 2006), (2) competition for nutrients 
(Verschuere et al., 2000; Irianto and Austin, 2002), (3) competition for adhesion sites 
in the gastrointestinal tract (Verschuere et al., 2000; Vine et al., 2006), (4) 
enhancement of the immune response (Verschuere et al., 2006; Balcazar et al., 
2006; Vine et al., 2006) and (5) production of essential nutrients such as vitamins 
and fatty acids and enzymatic contribution to digestion (Balcazar et al., 2006; 
Farzanfar, 2006; Vine et al., 2006). In addition to this, several authors also 
considered bacteria that improve the water quality by removing toxic inorganic 
nitrogen or by mineralising organic matter as probiotics (Gatesoupe, 1999; 
Verschuere et al., 2000; Balcazar et al., 2006). Based on the results presented in this 
work (Chapters 3 and 4), another mode of action of probiotics could be specific 
inhibition of virulence gene expression, for instance by disrupting cell-to-cell 
communication.  
The most important limitation to the use of probiotics is that in many cases they are 
not able to maintain themselves and therefore, need to be added regularly and in 
high concentrations (Vine et al., 2006), which makes this technique less cost-
effective. Moreover, probiotics that were selected in vitro based on production of 
inhibitory compounds might fail to produce these compounds in vivo (Verschuere et 
al., 2000; Vine et al., 2006). Finally, if production of growth-inhibitory compounds is 
the only mode of action, then the vibrios might develop resistance, as has occurred 
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for numerous antibiotics (see Chapter 1). It might be clear from all this that selection 
of probiotics needs to be performed carefully and that it might be advantageous to 
isolate candidate probionts from the culture system(s) where they will be applied 
since in this case, the chance that they will be able to establish themselves is 
expected to be higher (Verschuere et al., 2000). Moreover, it might be good to select 
for probiotics with more than one antagonistic characteristic or to apply a mixture of 
probionts with different modes of action in order to maximalise the chance of 
success. Alternatively, from a commercial point of view, it might be more 
advantageous to investigate whether probiotics that are already licensed for use in 
human or animal nutrition could be used instead of isolating new probionts since 
licensing new probiotics for use in animal products is quite expensive (at least in 
Europe; Hong et al., 2005) and this might limit the commercial development of new 
probiotic products. 
Most investigations on probiotics as biocontrol agents to treat luminescent vibriosis 
have been done with Bacillus strains, although also some preliminary work has been 
reported with pseudomonads producing inhibitory compounds (Chythanya et al., 
2002; Vijayan et al., 2006). In one of the earliest reports, Moriarty (1998) used a 
mixture of Bacillus strains that had been selected for production of antibiotics against 
luminescent vibrios. Addition of the bacteria to the pond at 107 cells per litre resulted 
in low numbers of luminescent vibrios in the pond water and resulted in healthier 
prawns. At the same time, Rengpipat et al. (1998) isolated Bacillus strain S11 from 
black tiger shrimp (Penaeus monodon) ponds. The addition of the Bacillus strain to 
shrimp infected with a pathogenic Vibrio harveyi strain increased survival of the 
shrimp from 26 to 100% after 10 days in laboratory-scale experiments. In contrast, 
later experiments showed only marginal increases in survival of challenged shrimp in 
farm trials upon addition of the Bacillus strain to the feed (Rengpipat et al., 2003). 
Vaseeharan and Ramasamy (2003) found that Bacillus subtilis strain BT23, isolated 
from shrimp culture ponds, produced an antibacterial substance which inhibited the 
growth of Vibrio harveyi. The addition of the Bacillus strain to the culture water of 
black tiger shrimp larvae resulted in a 90% decrease in accumulated mortality after15 
days. The authors remarked that the strain needed to be present at significantly 
higher levels than the pathogen and concluded that addition to the culture water 
would need to be repeated regularly in order to adequately protect the animals. 
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Recently, Decamp et al. (2005) reported some field data of the use of a commercial 
mixture of Bacillus strains, selected on their ability to inhibit pathogenic vibrios, to 
grow under hatchery conditions and to degrade waste products, on the performance 
of shrimp. In a Thai hatchery, the addition of the mixture to the culture water 
significantly improved survival of Penaeus monodon larvae and performed equally 
well as antibiotics. Similar results were obtained in a Brazilian hatchery with 
Litopenaeus vannamei larvae. Unfortunately, statistical analyses were not possible in 
the latter case due to a lack of replicates. 
 
ANTAGONISM: GREEN WATER 
A last technique that is believed to be able to control luminescent vibriosis is the so-
called greenwater technique. In this technique, shrimp are cultured in water from 
tilapia ponds, in which micro algae (such as Chlorella) grow abundantly. Tendencia 
and dela Peña (2003) reported that Vibrio harveyi disappeared from seawater 
containing Chlorella after 2 days of incubation. More recently, Lio-Po et al. (2005) 
identified 8 bacterial and 12 fungal isolates that were associated with greenwater that 
had a promising growth-inhibitory effect towards luminescent Vibrio harveyi. 
Interestingly, the majority of the luminescent Vibrio-inhibiting bacteria were isolated 
from Tilapia skin mucus and gut. Apart from that, Vibrio harveyi was also found to be 
inhibited by several micro-algae associated with the greenwater. A 3 log decrease in 
luminous Vibrio counts was observed in coculture with the micro-alga Leptolyngbya 
sp. after 1 day of incubation. For the algae Chaetoceros calcitrans and Nitzchia sp., 
an even higher growth-inhibitory effect was noticed since luminous vibrios completely 
disappeared from the (co-)cultures after 1 and 2 days, respectively. It should be 
remarked, however, that bacterial concentrations were determined by plate counting 
and therefore, it could still be possible that the vibrios were present but not detected 
because they were in a viable but non-culturable state (Ramaiah et al., 2002). 
Unfortunately, as far as we know, no experiments have been reported demonstrating 
that greenwater or algae can indeed offer protection against luminescent vibriosis 
disease. Moreover, further research will be needed to further elucidate the 
mechanism by which algae decrease luminescent Vibrio levels. 
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CONCLUSIONS AND FURTHER PERSPECTIVES 
Luminescent vibriosis is an important disease in aquaculture. In many cases, vibrios 
are opportunists, only causing disease when the host organism is immune-
suppressed or otherwise physiologically stressed. Traditionally, antibiotics have been 
applied to cure Vibrio disease. However, frequent antibiotic (ab)use has resulted in 
the development and spread of resistance and this has rendered antibiotic use 
ineffective. Moreover, transfer of antibiotic resistance through horizontal gene 
transfer and presence of residues in products for human consumption constitute a 
major threat to public health. At this moment, ways to protect aquaculture animals 
from luminescent vibriosis without using antibiotics are being developed and tested. 
In this new view on biocontrol, measures that prevent disease should be the most 
important health management option. However, it will probably be impossible to 
prevent all infections and therefore, it is important to develop effective and 
sustainable biocontrol strategies. The different strategies discussed here have been 
focussing on both the environment, the host and the luminescent vibrios (Figure 
12.1). However, each of the techniques has its advantages, but also its limitations. In 
fact, none of the techniques will probably be able to control luminescent vibriosis 
infections in all cases. Moreover, some of the techniques will probably rather have 
preventive properties, whereas others will also have curative ones. Therefore, it is of 
importance to further develop a variety of techniques, focussing on different aspects 
of the host-microbe interaction. A sustainable biocontrol management strategy might 
then use different techniques in rotation in order to prevent resistance development. 
Alternatively, it might be valuable to determine which techniques are and which ones 
are not compatible with each other in order to apply them together to maximise the 
chance of successfully protecting the animals. 
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SUMMARY 
 
Luminescent vibrios are important pathogens in aquaculture that can affect almost all 
types of cultured animals. In fact, luminescent vibriosis has become a major 
constraint on aquaculture production in many countries. Traditionally, antibiotics have 
been used in attempts to control bacterial disease in aquaculture. However, many 
luminescent vibrios are now antibiotic resistant due to the frequent use of these 
compounds, in many cases in subtherapeutic doses and on a daily basis, and this 
has rendered antibiotic use ineffective. Moreover, transfer of antibiotic resistance 
through horizontal gene transfer and presence of residues in aquaculture products 
for human consumption constitute a major threat to public health. Therefore, the 
quest for alternative methods to control infections caused by antibiotic-resistant 
bacteria is an important challenge for the sustainable development of aquaculture.  
 
In the first part of this work, the disruption of quorum sensing, bacterial cell-to-cell 
communication, is investigated as a new strategy to control luminescent vibriosis. 
Chapter 2 gives an overview of the literature concerning disruption of quorum 
sensing, focussing on possible applications with respect to aquaculture. 
In Chapter 3, a model test system with gnotobiotic Artemia nauplii is developed that 
allows to study the impact of different measures on the virulence of opportunistic 
pathogens. Using this test system, it was shown that AI-2 quorum sensing regulates 
the virulence of Vibrio harveyi towards Artemia. In contrast, neither the HAI-1-
mediated channel of the Vibrio harveyi quorum sensing system nor the quorum 
sensing systems of Aeromonas hydrophila and Vibrio anguillarum were found to be 
essential for the virulence of these bacteria in our test system. 
In Chapter 4, a natural and synthetic brominated furanone are shown to disrupt AI-2 
quorum sensing in Vibrio harveyi. Addition of 20 mg l-1 of the natural furanone to the 
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culture water increased the survival of gnotobiotic Artemia nauplii infected with 
different pathogenic luminescent vibrios, whereas growth of the pathogens was not 
affected. Unfortunately, the compound also showed to be toxic to Artemia, resulting 
in high mortalities at 50 mg l-1. In contrast to what was expected based on literature 
data, the synthetic furanone was found to have about the same efficiency as the 
natural compound. 
The work presented in Chapter 5 aimed to get a deeper insight in the molecular 
mechanism by which the natural furanone used in Chapter 4 disrupts quorum 
sensing in Vibrio harveyi. It was shown that the furanone acts at the end of the 
quorum sensing signal transduction cascade, by decreasing the DNA-binding activity 
of the quorum sensing master regulator protein LuxR. 
In Chapter 6, the work described in Chapters 3, 4 and 5 is discussed in depth and 
suggestions for further research are proposed, including biodegradation of AI-2 and 
the use of LuxS inhibitors. 
 
The second part of this work describes the investigations performed on the 
application of short-chain fatty acids and polyhyrdoxyalkanoates as new biocontrol 
agents to control luminescent vibriosis.  
Chapter 7 gives an overview of the literature describing the use of short-chain fatty 
acids to inhibit the growth of unwanted bacteria and proposes polyhydroxyalkanoates 
as possible new biocontrol agents. 
In Chapter 8, the short-chain fatty acids formic, acetic, propionic, butyric and valeric 
acid are shown to inhibit the growth of luminescent vibrios in a pH-dependent way. 
Moreover, the addition of 20 mM of the acids to the culture water of gnotobiotic 
Artemia nauplii, infected with a pathogenic Vibrio campbellii strain, was shown to 
significantly increase their survival. 
In Chapter 9, the short-chain fatty acid β-hydroxybutyrate is shown to have the same 
protective properties as the short-chain fatty acids studied in Chapter 8. Moreover, 
the application of a homopolymer of this acid, the well-known bacterial storage 
compound poly-β-hydroxybutyrate showed an even more efficient protective effect. 
The addition of 100 mg l-1 or more commercial poly-ß-hydroxybutyrate particles to the 
Artemia culture water offered a preventive and curative protection from the 
pathogenic Vibrio campbellii strain. If added as a preventive treatment, a complete 
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protection of infected nauplii (no significant mortality compared to uninfected nauplii) 
was observed at 1000 mg l-1 poly-ß-hydroxybutyrate. 
In Chapter 10, it was shown that poly-ß-hydroxybutyrate-containing bacteria as a 
whole can be used to protect Artemia from luminescent vibriosis. The addition of a 
poly-ß-hydroxybutyrate-containing Brachymonas strain showed to be even much 
more efficient than the commercial poly-ß-hydroxybutyrate particles used in 
Chapter 9. Indeed, a complete protection was obtained at approximately 10 mg l-1 
poly-ß-hydroxybutyrate, when preventively dosed as poly-ß-hydroxybutyrate-
containing Brachymonas. 
In Chapter 11, the work described in the second part of this thesis is discussed, 
possible modes of action of the short-chain fatty acids and poly-ß-hydroxybutyrate  
are presented and possibilities for further research and applications are suggested. 
 
Finally, the a last chapter (Chapter 12), provides a brief discussion of alternatives to 
antibiotics to control luminescent vibriosis that have been described in literature thus 
far, positioning disruption of cell-to-cell communication and the application of short-
chain fatty acids and polyhydroxyalkanoates within this toolbox of new biocontrol 
techniques. 
 
In conclusion, the work presented in this thesis indicates that quorum sensing 
disruption and the use of short-chain fatty acids and polyhydroxyalkanoates are 
promising new methods to control luminescent vibriosis without antibiotics. 
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SAMENVATTING 
 
Luminescente vibrios zijn belangrijke pathogenen in de aquacultuur die de meeste 
van de gekweekte organismen kunnen infecteren. Op dit moment is luminescente 
vibriosis in een aantal landen één van de belangrijkste belemmeringen voor de 
verdere groei van de sector. Traditioneel werden antibiotica gebruikt om bacteriële 
infecties onder controle te krijgen in de aquacultuur. Door de veelvuldige toepassing, 
in veel gevallen in subtherapeutische doses en op dagelijkse basis, zijn deze 
pathogene bacteriën resistent geworden tegen een groot aantal antibiotica en 
daardoor kunnen deze niet meer gebruikt worden om de ziekte te bestrijden. 
Daarenboven houden de mogelijke overdracht van resistentiegenen via horizontale 
gentransfer en de aanwezigheid van residu’s in aquacultuurproducten voor 
menselijke consumptie potentiële gevaren in voor de volksgezondheid. Omwille van 
deze redenen is de zoektocht naar alternatieve methoden om infecties, veroorzaakt 
door antibioticum-resistente bacteriën, te bestrijden een belangrijke uitdaging voor de 
verdere duurzame ontwikkeling van de aquacultuur.  
 
In het eerste deel van dit werk werd de verstoring van quorum sensing, bacteriële 
cel-tot-cel communicatie, onderzocht als nieuwe strategie om luminescente vibriosis 
te bestrijden.  
Hoofdstuk 2 geeft een overzicht van de literatuur omtrent het verstoren van quorum 
sensing, met nadruk op mogelijke toepassingen in de aquacultuur. 
In Hoofdstuk 3 werd een modelsysteem met gnotobiotische Artemia nauplii 
ontwikkeld, wat het bestuderen van de impact van verschillende maatregelen op de 
virulentie van opportunistische pathogenen mogelijk maakt. Met behulp van dit 
testsysteem kon aangetoond worden dat AI-2 quorum sensing de virulentie van 
Vibrio harveyi regelt. Daarentegen bleken het HAI-1-gemedieerd kanaal van het 
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quorum sensing systeem van Vibrio harveyi en de quorum sensing systemen van 
Aeromonas hydrophila en Vibrio anguillarum niet essentieel te zijn voor virulentie van 
deze bacteriën in het Artemia testsysteem. 
In Hoofdstuk 4 werd aangetoond dat een natuurlijk en synthetisch gehalogeneerd 
furanon AI-2 quorum sensing verstoren in Vibrio harveyi. Het toedienen van 20 mg/l 
van het natuurlijk furanon aan het kweekwater resulteerde in een verhoogde 
overleving van Artemia nauplii na infectie met verschillende pathogene luminescente 
vibrios. De groei van de pathogenen werd echter niet beïnvloed. Helaas bleken de 
furanonen ook toxisch te zijn voor Artemia, wat resulteerde in hoge mortaliteit aan 
50 mg/l van het natuurlijk furanon. In tegenstelling tot wat verwacht werd op basis 
van literatuurgegevens was het synthetisch furanon slechts even doeltreffend als het 
natuurlijke. 
Het onderzoek dat in Hoofdstuk 5 gepresenteerd wordt, had tot doel een dieper 
inzicht te verwerven in het moleculaire mechanisme waarmee het natuurlijk furanon 
dat in Hoofdstuk 4 gebruikt werd, quorum sensing verstoort in Vibrio harveyi. Er kon 
aangetoond worden dat het furanon inwerkt aan het einde van de quorum sensing 
signaaltransductie, door de DNA bindende activiteit van de LuxR respons regulator 
(die de quorum sensing gereguleerde genen aan of af schakelt door te binden in het 
promoter DNA), te doen dalen. 
In Hoofdstuk 6 wordt het onderzoek dat in de voorgaande hoofdstukken beschreven 
staat, uitgebreid besproken en worden suggesties naar voor gebracht voor verder 
onderzoek, zoals de biodegradatie van AI-2 en het gebruik van LuxS inhibitoren. 
 
Het tweede deel van dit werk beschrijft het onderzoek dat uitgevoerd werd naar het 
gebruik van kort-ketenvetzuren en polyhydroxyalkanoaten als nieuwe 
bestrijdingsmiddelen tegen luminescente vibriosis.  
Hoofdstuk 7 geeft een literatuuroverzicht over het gebruik van kort-ketenvetzuren om 
de groei van ongewenste bacteriën te remmen en stelt polyhydroxyalkanoaten voor 
als nieuwe bestrijdingsmiddelen. 
In Hoofdstuk 8 werd aangetoond dat de kort-ketenvetzuren formiaat, acetaat, 
propionaat, butyraat en valeraat de groei van luminescente vibrios remmen op een 
pH-afhankelijke manier. Bovendien werd er aangetoond dat de toediening van 
20 mM van de vetzuren aan het kweekwater van gnotobiotische Artemia nauplii 
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resulteert in een significant verhoogde overleving na infectie met een pathogene 
Vibrio campbellii stam. 
In Hoofdstuk 9 werd aangetoond dat het kort-ketenvetzuur β-hydroxybutyraat 
dezelfde beschermende eigenschappen heeft als de kort-ketenvetzuren die in 
Hoofdstuk 8 bestudeerd werden. Daarnaast werd aangetoond dat het gebruik van 
het homopolymeer van dit vetzuur, het welgekende bacteriële reservemateriaal poly-
β-hydroxybutyraat een nog doeltreffendere bescherming biedt. Het toedienen van 
100 mg/l of meer commerciële poly-β-hydroxybutyraat partikels aan het Artemia 
kweekwater bood een preventieve en curatieve bescherming tegen de pathogene 
Vibrio campbellii stam. Indien preventief toegediend, werd een volledige 
bescherming van geïnfecteerde nauplii (geen significante afsterving in vergelijking 
met niet-geïnfecteerde nauplii) bekomen aan een dosis poly-β-hydroxybutyraat 
partikels van 1000 mg/l poly-β-hydroxybutyraat. 
In Hoofdstuk 10 werd aangetoond dat poly-β-hydroxybutyraat bevattende bacteriën 
in hun geheel kunnen gebruikt worden om Artemia te beschermen tegen 
luminescente vibriosis. De toediening van poly-β-hydroxybutyraat bevattende 
Brachymonas bacteriën bleek zelfs efficiënter dan de commerciële poly-β-
hydroxybutyraat partikels die in Hoofdstuk 9 gebruikt werden. Het preventief 
toedienen van 10 mg/l poly-β-hydroxybutyraat onder de vorm van poly-β-
hydroxybutyraat bevattende bacteriën resulteerde eveneens in een volledige 
bescherming. 
In Hoofdstuk 11 worden de bevindingen die in het tweede deel van dit werk 
beschreven zijn, besproken. Bovendien worden mogelijke werkingsmechanismen 
voorgesteld voor kort-ketenvetzuren en poly-β-hydroxybutyraat en tenslotte worden 
er een aantal suggesties gedaan voor verder onderzoek. 
 
Het laatste hoofdstuk (Hoofdstuk 12), tenslotte, geeft een korte bespreking van de 
alternatieve methoden om luminescente vibriosis te bestrijden die in de literatuur 
beschreven zijn, en plaatst het verstoren van quorum sensing en het gebruik van 
kort-ketenvetzuren en polyhydroxyalkanoaten binnen deze gereedschapskist van 
nieuwe bestrijdingstechnieken. 
 
Kort samengevat, het onderzoek dat beschreven is in dit werk toont aan dat het 
verstoren van quorum sensing en het gebruik van kort-ketenvetzuren en 
 197
APPENDIX C 
 
polyhydroxyalkanoaten veelbelovende nieuwe methoden zijn om luminescente 
vibriosis te bestrijden zonder antibiotica. 
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